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EFFET D'UNE EXPOSITION PROLONGEE AUX VIBRATIONS SUR LES 
VERTEBRES LOMBAIRES DES CHAUFFEURS 
RESUME 
L'imposition de vibrations a I'ensemble du corps humain peut etre une source d'inconfort ou 
de dommages pour la sante, selon I'amplitude, la frequence, la duree d'exposition, le type 
d'ossature, la densite osseuse, le poids corporel et la posture. La litterature fait etat de 
multiples causes pouvant declencher des problemes de maux de dos. De nombreuses etudes 
font mention que ces problemes sont constates, entre autre, parmi une population exposee, a 
long terme, a des charges vibratoires dans le transport (tracteurs, camions, autobus, metro, 
autres vehicules industriels, etc.). II existe deux courants de pensee non exhaustifs en ce qui a 
trait aux maux de dos provenant possiblement des vibrations: I'hypothese que ces maux sont 
dus aux lesions des tissus mous (disque, muscles) et I'hypothese qu'ils sont dus aux 
dommages des os. La plupart des recherches experimentales ont montre que, sous un 
chargement dynamique compressif, les dommages apparaissent le plus souvent au niveau du 
corps vertebral. En effet, I'exposition du rachis lombaire aux vibrations mecaniques, 
notamment chez les conducteurs, sollicite la partie lombaire a la compression simple; un tel 
chargement minimise les lesions discales puisque differentes modelisations des effets 
mecaniques sur le disque intervertebral ont permis de conclure que I'hernie discale se produit 
principalement sous I'effet d'efforts de torsion ou d'efforts de flexion couples a des efforts 
d'inclinaison laterale. Les contraintes dynamiques generees peuvent etre a I'origine 
d'apparition et de cumul de micros-fissures dans I'os spongieux ainsi que dans les plateaux 
cartilagineux (conduisant au dommage par fatigue des os) et ceci malgre le potentiel de 
remodelage de I'os. 
Avec I'hypothese que les maux de dos chez les conducteurs proviennent essentiellement des 
dommages des os, une recherche a ete effectuee dans le but de determiner les limites 
d'exposition aux vibrations a long terme. Nous avons developpe deux modeles, I'un 
statistique et 1'autre parametrique par elements finis pour etudier les effets des vibrations sur 
les vertebres du rachis lombaire des conducteurs. 
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Une analyse statistique a demontre que, du fait de Tinhomogeneite densimetrique et 
stmcturale des vertebres entre les individus et du fait que la resistance osseuse depend de la 
densite osseuse et de la continuite du reseau trabeculaire qui change avec I'age, on ne peut 
pas considerer que le comportement en fatigue des vertebres depende uniquement de 
I'excitation appliquee. Base sur les resultats de tests de fatigue pubhes, un modele statistique 
reliant la contrainte appliquee, I'age et la densite osseuse au nombre de cycles a la mpture 
des vertebres a ete developpe. Cette etude a justifie I'hypothese que la densite osseuse et 
I'age, outre la contrainte appliquee, ont un effet sur la fatigue du rachis. Aussi, ce modele a 
ameliore la prediction de la duree de vie des vertebres testees dont le coefficient de 
determination R^  a monte de 20% a 70%. 
Un modele parametrique par elements finis des vertebres du rachis, developpe dans le cadre 
de cette these, a permis, dans im premier volet, de calculer les frequences et les modes 
propres de I'unite vertebrale et du rachis et d'evaluer I'etat de contraintes pour differents 
niveaux d'accelerations, correspondant a I'excitation de la route. Dans un deuxieme volet, 
une etude de I'influence des parametres: posture, corpulence, densite apparente de I'os 
spongieux, aire des vertebres, taux d'amortissement du disque intervertebral, poids des 
individus et amplitude de I'acceleration du siege a la resonance des vertebres sur un facteur 
risque de dommage (FRD), developpe par nos soins, a ete realisee, selon la methode des 
plans d'experiences. L'effet de I'age a ete considere comme representant une diminution de 
la densite osseuse et du taux d'amortissement des disques intervertebraux. Une limite de 30%o 
du FRD a ete consideree comme crifique afm de considerer l'effet de fatigue a long terme. 
L'effet de la densite osseuse, de I'amortissement et du poids des individus a ete mis en 
evidence. Finalement, un modele de prediction de la duree de vie des vertebres du rachis en a 
resulte. Une analyse de fatigue a demontre qu'une acceleration de 2 m/s , correspondant aTa 
limite de 30%), pouvait etre consideree comme une limite a ne pas depasser pour eviter le 
risque de dommage. 
Par ce travail, nous avons mis en evidence que le risque de fracture par fatigue peut etre 
observe sur les plateaux cartilagineux et sur I'os spongieux. Le modele de fatigue peut etre 
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utilise comme un outil predictif pour calculer le risque encoum dans les vertebres lorsqu'un 
chauffeur est soumis a des vibrations verticales en position assise. Cependant, ce modele de 
fatigue n'a pu etre valide pour les basses amplitudes de vibration (fatigue par endurance) vu 
le manque de donnees dans la litterature sur la limite d'endurance des vertebres du rachis. 
ADVERSE HEALTH EFFECTS TO LONG TERM WHOLE-BODY VIBRATION 
EXPOSURE 
ABSTRACT 
The objective of this study is to describe a method in order to evaluate the long term 
exposure limits to continuous Whole-Body Vibration (WBV) before the occurrence of 
fatigue failure, especially in the case of harmonic and random excitations. The human 
exposure to Whole Body Vibration could cause discomfort, damage and adverse health 
effects, depending on the amplitude, frequency, duration of exposure, body type, density of 
bone, body weight and posture, etc. Literature refers to many causes that can produce 
problems related to low back pain. Many studies mention that these problems are found 
among a population exposed to long-term vibration loads, such as in transportation (tractors, 
tmcks, buses, subways, other vehicles, etc.). Two assumptions may cause low back pain due 
to vibration exposure: the assumption that low back pain is due to soft tissue injuries (disc, 
muscle) or the assumption that they are due to bone damage. Most experimental studies have 
shown that under dynamic compressive loadings, the damage most often occurs in the 
vertebral body. Indeed, exposure to mechanical vibration excites the lumbar spine in a simple 
compression mode; thus, such a loading can minimize the damage to discs since different 
mechanical models of intervertebral discs concluded that the disc herniation occurs mainly as 
a result of torsion or bending efforts coupled with the inclined lateral efforts. The generated 
dynamic stresses can be at the origin of accumulation of microscopic cracks in the bone 
(leading to fatigue damage of the bones) and this in despite of the potential for bone 
remodelling. 
With the hypothesis that low back pain among drivers comes fi-om bone damage, the research 
was conducted in order to determine the long term limits of exposure to vibrations. Two 
models have been developed, a statistical analysis model and numerical simulations using a 
parametric finite elements model to study the effects of vibration on the lumbar vertebrae of 
drivers. 
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The statistical analysis showed that, due to the vertebral densimetric and stmctural 
inhomogeneity between individuals and due to the fact that vertebral strength varies with 
bone density and discontinuities within the trabecular lattice, which change with age, 
vertebral fatigue behaviour cannot be considered as only depending on applied excitation. A 
nonlinear model is proposed relating the number of cycles with cyclic stresses, bone density 
and age of the specimen. Based on the results of fatigue tests identified in literature, a 
statistical model linJdng the applied sfi-esses, age and bone density to the number of cycles 
before fracture of the vertebrae was developed. This study justifies the assumption that the 
bone density and the age in addition to the cyclic stress can have significant effects on fatigue 
of rachis. This new model has improved a previous hfe prediction model of the vertebrae that 
was approximately about 20%), to a coefficient of determination R^  up to 70%o. 
A parametric finite elements model of the lumbar rachis is generated in order to compute the 
modal parameters, the dynamic stresses and forces under harmonic excitations in a seated 
posture. The stress analysis reveals that the areas exposed to the highest fracture risks are the 
cancellous bone of the vertebral body as well as the vertebral endplate when vertical 
vibrations are transmitted from a seat to the lumbar spine of a driver. This study has lead to 
the development of a new indicator, called the Injury Risk Factor (IRF), which evaluates the 
risk of adverse health effect arising firom mechanical vibrations to which professional drivers 
are particularly prone. A design of experiments has been conducted fi-om numerical 
simulations by considering posture, bone stmcture, apparent density, damping rate and body 
weight as independent variables. It was shown that the ERF increases with ageing and an IRF 
of 30%o has been found as a threshold for fatigue purpose. 
The assessment of WBV is based on the quantitative relationships between accelerations (as 
measured at the seat) and the dynamic stresses predicted at the L4-L5. A new model of 
fatigue behaviour has been developed in order to estimate the risk of adverse health effects 
arising fi"om mechanical vibrations. As expected, it is shown that the injury risk increases 
with the age due to the loss of mechanical properties (Young modulus, bone density, ultimate 
stress and damping of the intervertebral disc). Consequently, the excitation amplitude must 
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be limited to low levels if considering the age increase. The results have revealed that the 
excitation acceleration applied to the seat must be limited to amplitudes lower than 2 m/s in 
order to avoid any risk of damage whatever the driver's age, morphology, weight, etc... This 
level has been considered as an endurance hmit of the fatigue behaviour. 
This research shows that the risk of fatigue fracture is observed on the endplate and on the 
trabecular bone. The fatigue model can be used as a predictive tool for computing the risk to 
lumbar spine of drivers exposed to vertical vibrations in a sitting position. However, this 
fatigue model has been not validated for low amplitudes of vibration (fatigue endurance) due 
to the lack of data in the literature on endurance limit of the spine vertebrae. 
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INTRODUCTION 
Nous sommes tous, tous les jours, soumis a des environnements vibratoires. Certains a cause 
de leur travail, d'autres a cause de leurs loisirs, et beaucoup a cause des moyens de transport 
que nous utilisons. 
Les vibrations peuvent avoir une influence tres negative sur I'organisme et sur la sante. Oufre 
I'inconfort (ou le plaisir) qu'elles generent, les vibrations peuvent provoquer parfois des 
dommages irreparables. Plusieurs maladies recensees touchent le systeme musculo-
squelettique [1-5]. Toutefois, les mecanismes d'apparition des troubles restent mal connus et 
sont lies a I'interaction des vibrations avec le fonctiormement normal du corps. Les vibrations 
agissent de differentes fa9ons; l'imposition d'excitations vibratoires provoque des 
mouvements relatifs des organes qui peuvent enfrainer des lesions plus ou moins graves. 
Certaines vibrations agissent comme stimulus et modifient le metabolisme. Les "maladies 
vibratoires" sont causees par faction a la fois mecanique et metabolique des vibrations. 
Une des maladies les plus frequemment rapportees est le "syndrome lombaire". II provient de 
I'association de la position assise a l'imposition de vibrations verticales. La surcharge 
mecanique imposee au rachis lombaire par la position assise est aggravee par I'application 
des vibrations. Le defaut de nutrition et d'irrigation des disques qui resulte des modifications 
metaboliques accelere la fatigue des tissus. 
La litterature fait etat de multiples causes pouvant declencher une lombalgie. En statique, les 
confraintes sont permanentes et indispensables au fonctiormement du rachis; elles 
augmentent avec les defauts de cotirbure, qu'ils soient stmcturatix ou posturaux, ou les deux 
associes. L'exces de pression ainsi realise modifie I'infrastmcture en fonction de 
I'importance des forces appliquees et de letir duree d'tme part et de la resistance des tissus 
d'aufre part. C'est l'exces de confraintes sur une lesion qui genere les douleurs qui se 
perennisent si les mecanismes d'adaptation ne permettent plus le retour a une confrainte 
normale, grace a tme bonne gestion des aplombs et des courbures. D'aufre part, de 
nombreuses efiides [1-21] font mention que des problemes de maux de dos sont constates 
parmi tme population exposee, a long terme, a des charges vibratoires dans le fransport 
(tracteurs, camions, autobus, metro, autres vehicules industriels, etc.). II existe deux courants 
de pensee non exhaustifs en ce qui a trait aux maux de dos provenant des vibrations : 
I'hypothese que ces maux sont dus aux lesions des tissus mous (disque, muscles) et 
I'hypothese qu'ils sont dus aux dommages des os. La plupart des recherches experimentales 
[10 a 17] ont monfre que sous un chargement dynamique compressif, les dommages 
apparaissent le plus souvent au niveau du corps vertebral. En effet, I'exposition du rachis 
lombaire aux vibrations mecaniques, notamment chez les conducteurs, sollicite la partie 
lombaire a la compression simple; un tel chargement minimise les lesions discales puisque 
differentes modehsations des effets mecaniques sur le disque intervertebral ont permis de 
conclure que des lesions discales se produisent principalement sous l'effet d'efforts de 
torsion ou d'efforts de flexion couples a des efforts d'inclinaison laterale. Les confraintes 
dynamiques generees peuvent efre a I'origine d'apparition et de cumul de micros-fissures 
dans I'os spongieux ainsi que dans les plateaux cartilagineux (conduisant au dommage par 
fatigue des os) et ceci malgre le potentiel de remodelage de I'os. II est a noter que 80%) de la 
population mondiale est affectee par des problemes de dos a un moment de sa vie, et ces 
estimations ne font que croitre [21]. II devient done necessaire de s'attaquer a ces statistiques 
alarmantes en etudiant les problemes de maux de dos lies a la conduite d'engins industriels et 
a la conduite automobile. 
Le present fravail a pour objectif general d'evaluer si I'exposition continue de la coloime 
vertebrale aux vibrations globales peut causer, a long terme, des problemes de maux de bas 
de dos due a la fatigue des os. A cette fin, il faut completer I'information sur le 
comportement de fatigue par endtirance des vertebres lombaires exposees aux vibrations 
verticales. A fravers cette etude, nous cherchons a predire le risque de fatigue a long terme 
chez les conducteurs et a definir les seuils de securite confre les vibrations fransmises au 
travers du siege. L'objectif secondaire de cette recherche est d'analyser les effets des 
paramefres vibratoires (amplitude et frequence de vibration), des parametres individuels 
(poids, ossature et posture) et des parametres mecaniques (amortissement, rigidite, densite 
osseuse) sur le risque des maux de bas de dos du a la fatigue des os. L'analyse du 
comportement dynamique et de fatigue des vertebres du rachis est basee sur un modele par 
elements finis parametrique, ce qui permet rapidement de simuler toutes sortes d'ossatures 
(homme, femme, fort, faible, etc.). Ces resuhats devraient completer I'information contenue 
dans les normes (ISO 2631, aufres guides) en vigueur et permettre une meilleure 
connaissance des limites de vibration a ne pas depasser (amplitude, frequence). 
Les fravaux presentes dans cette these de doctorat concement la proposition d'une demarche 
permettant de predire le risque sur la sante d'un conducteur expose aux vibrations du corps 
entier. Dans cette etude portant sur les vibrations et le corps humain, nous tacherons dans un 
premier temps d'evaluer en detail les pathologies lombaires engendrees par les vibrations, 
afin de comprendre les mecanismes de degenerescence mis en jeu. Au travers d'une analyse 
bibliographique du comportement du corps humain soumis a des vibrations verticales, nous 
tacherons d'isoler les causes du probleme. Puis, le developpement d'un modele d'elements 
finis parametrique nous permetfra d'apporter de nouveaux elements de comprehension et 
d'etudier les paramefres permettant de diminuer les risques de maux de bas de dos dues a la 
fatigue des os. Cette these est une these par articles. Quafre articles de revue et deux de 
conferences ont ete produits. Nous avons axe cette these autour de quafre articles (frois de 
revue et un de conference), lesquels sont inclus integralement dans les chapifres 2, 3, 4 et 5. 
• Le premier article [16] est pubhe dans Pistes: 
Ayari H., Thomas M. and Dore S., 2005. Developpement d'un modele statistique de 
prediction de la duree de vie du rachis lombaire, dependant de la confrainte appliquee, de 
I'age et de la densite osseuse. IRSST, Perspectives interdisciplinaires sur le travail et la 
sante Pistes, 7 (2), 1-14. 
• 
L'objet principal de cet article est consacre a developper une relation permettant de 
predire la dure de vie des vertebres du rachis lombaire dependant de la confrainte, de 
I'age et de la densite osseuse. 
Le deuxieme article [22] est public dans le Journal of Sound and Vibration: 
Ayari H, Thomas M., Dore S. and Serms O., 2009. Evaluation of lumbar vertebra injury 
risk to the seated human body when exposed to vertical vibration. Journal of Sound and 
Vibration, 321, issues l-2doi:10.1016/j.jsv.2008.09.046, pp. 454-470. 
Dans cet article, un modele d'elements finis parametrique a ete developpe en dynamique 
dans le but de predire les frequences, les modes propres du rachis lombaire et de 
determiner les forces et les confraintes dynamiques afin d'elaborer un modele de 
prediction du risque de dommage instantane. 
Le froisieme article [23] a ete soumis dans la revue Journal of integrative biology 
(OMICS): 
Ayari H., Thomas M., Dore S., 2009, A Design of experiments for statistically 
predicting a risk of adverse health of drivers exposed to vertical vibrations. 
Base sur le modele d'elements finis parametrique developpe dans I'article 2, un plan 
d'experiences a ete confu dans le but d'etudier l'effet de I'acceleration, de la densite 
osseuse, de 1'amortissement, de la posture, et du poids du conducteur sur le risque de 
dommage. 
Le quatrieme article [24] a ete publie dans les comptes rendus de la conference CIRI-
2009 et soumis a la revue Internationale sur I'ingenierie des risques indusfriels (JI-ERI): 
Ayari H., Thomas M., Dore S., Taiar R. and Dron J.P., Mai 2009, Predicting the adverse 
heath effects to long term whole-body vibration exposure. Proceedings of the 2nd 
international Conference on Indusfrial Risk Engineering CIRI-2009, Reims, 19 pages. 
Dans cet article, on presente les resultats d'tme analyse de fatigue numerique basee sur 
un modele d'elements finis de I'unite vertebrale L4-L5. 
De plus, les fravaux suivants sont presentes : 
• A I'armexe I, on presente un quatrieme article de revue qui a ete publie dans JI-IRI [25, 
26] : 
Ayari H, Thomas M. and Dore S., 2008, Development of an Injury Risk Factor for 
Drivers, Revue Intemationale sur I'ingenierie des risques Industriels ( JI-IRI), Vol 1, No 
2, pp. 120-138. 
Dans cet article on presente I'etude sur les interactions d'ordre 2 sur le risque de fracture 
instantane developpe dans Particle 3. 
• On presente aussi un article de conference [27] publie dans les comptes rendus de CIE 
2007: 
Ayari H., Thomas M. and Dore S., October 2007. A design of experiment for studying 
the effect of human body parameters on an injury risk of drivers exposed to vibration, 
Proceedings of the 37th Intemational conference on Computers and Industrial 
Engineering, CEE 07, Alexandria, Egypt, pp. 620-628. 
Cet article expose la procedure et les resultats du plan d'experience qui a ete applique. 
Enfin nous degagerons dans une conclusion generale les principaux resultats ainsi que les 
differentes perspectives qui peuvent etre envisagees. 
CHAPITRE 1 
REVUE DE LA LITTERATURE 
1.1 Mis e en situation 
La conduite d'engins de chantier, de fransport ou de manutention soumet les conducteurs a 
des vibrations qui, a la longue, peuvent provoquer des problemes de dos. On distingue 2 
modes d'exposition aux vibrations [5]: 
• les vibrations fransmises a I'ensemble du corps par les vehicules et les engins (chariots de 
manutention, engins de chantier...) et certaines machines industrielles fixes (tables 
vibrantes, concasseurs...). 
• les vibrations fransmises au systeme main-bras par des machines portatives (meuleuses, 
marteaux-piqueurs...), guidees a la main (pilonneuses, plaques vibrantes...) ou par des 
pieces fravaillees tenues a la main (poUssage...). 
Ce travail fraite exclusivement des vibrations fransmises a I'ensemble du corps par les 
vehicules, les engins et certaines machines industrielles fixes. Les effets pathologiques des 
vibrations sur I'homme sont des lombalgies. Depuis quelques annees, elles sont reconnues 
comme maladies professiormelles. Des etudes epidemiologiques ont monfre que les douleurs 
lombafres, les hemies discales et les lesions precoces de la colonne vertebrale sont plus 
frequentes en cas d'exposition prolongee de I'ensemble du corps a des vibrations [1,3]. 
Certaines etudes ont egalement mis en evidence des effets nefastes au niveau du cou et des 
epaules [5]. 
Les augmentations de la duree d'exposition et de I'amplitude vibratoire semblent accroifre le 
risque au niveau lombaire [1 a 5]. Oufre I'exposition aux vibrations, on recense de nombreux 
facteurs de risque de douleurs dorsales et de pathologies du dos, du cou ou des epaules. 
Certains sont hes a la persoime, d'aufres au fravail proprement dit. 
Cette etude portant sur les vibrations et le corps humain, nous tacherons dans ce chapifre 
d'evaluer en detail les pathologies lombaires engendrees par les vibrations severes, afin de 
comprendre les mecanismes de degenerescence mis en jeu. Au fravers d'tme analyse 
bibliographique du comportement du corps humain soumis a des vibrations verticales, nous 
tacherons d'isoler les causes du probleme. 
La synthese bibhographique presentee ici est issue principalement de la consultation de 
differents ouvrages [2, 9, 21]. 
1.2 Populations concernees 
Les vibrations, qui emergent et croissent avec 1'industrialisation massive du siecle dernier, 
font naifre de nouveaux problemes de sante publique, tel que le "syndrome lombaire", en 
particulier dans la classe ouvriere. Les groupes d'emploi les plus frequemment vises dans les 
etudes epidemiologiques [28-52] sont les conducteurs de vehicules (conducteurs de fracteur 
agricole, d'automobiles, de bus, de camions); les operatetirs d'engins vibrants (excavateur, 
grae) ; et enfin les pilotes, et plus particulierement les pilotes d'helicopteres. A I'exception 
des helicopteres, il s'agit principalement de vehicules dont la frequence des vibrations est 
dominante enfre 1 et 20 Hz. Le guide ISO 2631 monfre que la frequence des vibrations la 
plus sensible est situee enfre 4 Hz et 8 Hz. Les niveaux d'exposition vibratofre sont 
generalement les plus eleves dans les fracteurs agricoles, engins de terrassement et chariots 
elevateurs. L'influence sur la sante est dependante de la frequence des vibrations, mais aussi 
de leur amplitude (acceleration, deplacement, ou vitesse). Le tableau (1.1) regroupe, selon la 
litterature [33, 34, 40], les amphtudes moyennes d'acceleration des vibrations fransmises a 
I'organisme par differents engins. Les amphtudes efficaces superieures a 1.4 m/s^ sont 
monfrees en gras pour mieux identifier le type de vehicules problematiques. 
Tableau 1.1 Niveaux d'acceleration frequemment renconfres 
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1.3 Le s pathologies lombaires 
Les auteurs ayant fravaille sur I'epidemiologie des "maladies vibratoires" s'accordent a dire 
que I'exposition aux vibrations de basses frequences (0-20 Hz) fransmises aux corps entier, 
est associee a une incidence plus elevee de douleurs de bas de dos et de lesions degeneratives 
du rachis lombaire. Toutefois, la litterature n'est pas actuellement en mesure d'etablir tme 
relafion claire enfre le niveau de vibration, la plage de frequences, la duree d'exposition et les 
degenerescences pathologiques observees. Cependant, il est global ement accepte qu'il existe 
un risque eleve d'apparition de troubles lombafres chez les populations soumises 
quotidiennement, et de fa9on prolongee, aux vibrations de basses frequences [37]. Des etudes 
epidemiologiques ont monfre qu'il existe une relation significative entre I'exposition 
professionnelle aux vibrations fransmises au corps entier, et I'apparition de lombalgies, de 
douleurs sciatiques, et de degenerescences du rachis [33]. Dupuis et Zerlett [34, 51], dans une 
etude reposant stir des questiormaires et tm examen medical d'une population de 352 
operatetirs de pelleteuses, relevent que 68,7% d'enfre eux se plaignent de douleurs lombaires. 
lis monfrent que le risque de modifications pathologiques radiologiquement etablies est plus 
eleve que pour le groupe de confrole, compose d'employes fravaillant dans des conditions 
similafres mais non soumis atix vibrations. Le risque est aussi plus eleve que pour I'ensemble 
de la population. Boshuizen et al [30, 31] ont etudie I'incidence des vibrations sur une 
population pendant tme periode de 11 ans. 
a) Effe t sur les disques intervertebraux 
Les conducteurs exposes aux vibrations peuvent souffrir de problemes de maux de bas de dos 
rehes au disque intervertebral et aux aufres tissus mous. La comparaison a un groupe de 
confrole a monfre une incidence plus elevee de I'absenteisme, lie a des degenerescences 
discales. Schwarze et Notbohm [52] relevent une prevalence des degenerescences discales 
chez les populations soumises de fa9on quotidienne a des doses vibratoires ctimulees elevees 
par rapport aux populations soumises a des doses faibles. Pour expliquer ce phenomene il 
faut comprendre les reactions des tissus mous faces aux charges mecaniques en position 
assise. En position assise le disque intervertebral est soumis a tme composante de charge 
statique (relativement importante qui depend aussi de la posttire) et une aufre dynamique 
(provenant des vibrations). Malgre que ces charges soient de faibles amplitudes, le disque 
intervertebral subit tme deformation importante, ce qui peut enfrainer une perte de hauteur 
dans le disque et un phenomene de fluage du a 1'aspect viscoelastique. Cette perte de hauteur 
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combinee avec le fluage, augmente alors la pression appliquee sur les nerfs entourant le 
disque et sur les articulations au niveau des apophyses. De plus, le maintien de la composante 
statique (compressive) reduit le volume et la pression dans le nucleus pulposus du disque 
intervertebral, tout en augmentant les contraintes de compression dans I'armulus ainsi que 
dans I'arc neurale. Cette situation devient plus grave si le conducteur est en posture de 
lordose, car une posture de lordose augmente la charge appliquee sur la partie posterieure de 
I'armulus ainsi que sur les articulations apophysaires. Ainsi l'exces de pression, dii a 
I'augmentation de la charge, sur les nerfs et sur les articulations, conduisant ainsi a I'usure 
prematuree du cartilage recouvrant ces articulations, peut causer des douleurs au niveau 
lombaire, meme sans avofr des mpttires ou des microfissures au niveau du disque. Des 
tensions musculafres considerables sont requises pour maintenir la stabilite du tronc 
superieur. L'augmentation des tensions musculaires combinees avec les vibrations, pouvant 
augmenter le phenomene de fluage des disques intervertebraux, peut ainsi causer la fatigue 
des muscles du dos. La fatigue des muscles pourra soUiciter plus les vertebres puisqu'une 
partie des charges dynamiques generees par les vibrations mecaniques ne sera pas absorbee 
par les muscles de dos et par les abdominaux. 
b) Effet sur les vertebres lombaires 
D'aufre part, plusieurs tests in vitro [10-17], reahses sur des segments lombaires, ont monfre 
que les elements les plus susceptibles aux dommages sont les plateaux cartilaginetix et I'os 
spongieux des vertebres. Ces recherches monfrent aussi qu'un chargement repetitif de 
compression n'affecte pas les disques. II n'est toutefois pas possible d'etablir une relation 
quantitative ferme entre I'exposition aux vibrations globales du corps et I'apparition de 
douleurs lombaire [47, 48]. Cette demiere observation remet en cause les standards actuels, 
dont les limites etablies ne permettent pas de proteger suffisamment les salaries soumis aux 
vibrations. Les categories professiormelles citees sont toutes concemees, mais dans des 
proportions differentes, d'aufres facteurs pouvant entrer en ligne de compte. Nous avons par 
consequent emis I'hypofhese dans cette these que les vibrations globales du corps des 
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conducteurs, sollicitant le rachis lombaire principalement en compression, sont en grande 
partie la cause de maux de bas de dos dus aux dommages dans les os. Cette hypothese 
n'exclue pas le fait que les pathologies peuvent aussi etre observees sur les tissus mous 
(disques, muscles, ligament) suite a une exposition aux vibrations du corps entier. 
1.3.1 Le s facteurs de risque 
La plupart des etudes epidemiologiques concluent a la difficulte d'etablfr une relation claire 
entre les vibrations et les froubles observes, du fait de la presence de nombreux aufres 
facteurs pouvant generer ou aggraver les troubles. Les facteurs de risque pour le rachis 
lombaire sont hes a la nature des vibrations subies, a renvfrormement, a la diversite des 
taches effectuees et encore a des paramefres individuels. La longevite de I'exposition 
constitue un risque important. II a ete demonfre que les populations exposees jeunes aux 
vibrations, comme c'est souvent le cas chez les agriculteurs, presentent un risque plus eleve 
de developpement de pathologies lombaires. Pope [53] efablif ce risque en comparant des 
populations de fractoristes agricoles exposes jeunes atix vibrations, a des conducteurs de bus 
dont la carriere commence plus tardivemenf. Des conditions particulieres de fravail peuvent 
egalement constifuer im risque supplementafre. Oufre la position assise [53], qui modifie les 
courbures physiologiques du rachis et induit des contraintes elevees dans les disques, le bmit, 
les conditions climatiques [28], les charges sur la colonne (rotations, levees de charges, 
inclinaisons laterales ...) sont autant de facteurs de risques supplementaires. Les phenomenes 
transitoires hes aux chocs sont aussi des facteurs aggravants. Enfin, les conditions 
psychologiques, telles que le stress et I'insatisfaction liee a racfivife professioimelle, jouent 
un role important dans I'apparition des froubles [33]. La duree d'exposition aux vibrations, 
leur intensite, ainsi que leur plage de frequences, sont des paramefres essentiels par rapport 
au risque encoum [35, 52]. Certaines conditions de fravail augmentent le risque de 
lombalgie : 
- Utilisation d'un engin sur tme surface inadaptee ou pour tme tache pour laquelle il n'est 
pas confu; 
- Exposition reguliere et de longue duree; 
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- Evolution sur un terrain irregulier ou sur une surface degradee, a une vitesse inadaptee; 
- Postures confraignantes frequentes et/ou maintenues (angles de confort non respectes; 
torsion ou inclinaison du buste...) dues au manque de visibilite, a I'friaccessibilite des 
commandos, au type de taches a realiser...; 
- Vetuste, manque d'enfrefien de I'engin, mauvais etat du siege (defaut d'enfretien de la 
suspension, de I'assise et/ou des reglages); 
Mauvais reglage du siege (absence de formation du conducteur, mauvaise utilisation des 
reglages...); 
- Montee et descente de I'engin frequentes; 
- Manutention manuelle. 
Comme font monfre les fravaux realises pour la mise en oeuvre de la norme ISO 2631, la 
tolerance du corps humain aux vibrations a court et long termes est dependante de 1'intensite, 
de la duree d'exposition, et de la frequence. II est important de considerer a la fois la duree 
d'exposition joumaliere, et la duree totale d'exposition au cours de la vie, ces deux 
paramefres ayant une influence sur I'apparition des froubles du rachis. Ces differents 
parametres independants sont pris en compte dans le calcul d'une acceleration equivalente au 
niveau de I'energie ponderee par rapport a la frequence correspondant a tme exposition 
joumaliere de huit heures. Les facteurs individuels jouent probablement un grand role, bien 
qu'il soit difficile de determiner ceux qui influencent la reponse du corps humain aux 
vibrations. Les etudes realisees sur le comportement et la tolerance du corps humain soumis 
aux vibrations font etat de grandes variations interindividuelles, aussi bien au niveau des 
mesures physiques, que de la reponse subjective. Aucune correlation claire enfre le type 
morphologique et la sensibilite aux vibrations n'a pu efre etabhe. Selon Raymond [44], les 
types "leptosomes" sont plus sensibles, alors que d'aufres auteurs supposent I'obesite 
comme facteur de risque [47]. Les parametres morphologiques habifuels, s'ils expliquenf 
certaines differences (ossature, poids, longueur des membres, . . .) , ne permettent pas de 
comprendre les grandes variabilites interindividuelles observees [54, 55]. H est difficile de 
predire la reponse d'un sujet par la connaissance de son age, de son poids et de sa taille [56]. 
Les parametres influant concement plus probablement les caracteristiques mecaniques des 
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tissus (taux de graisse, souplesse, densite osseuse...), la posture ou encore, la surface de 
contact avec le siege et la repartition relative des masses. II est suggere par les memes auteurs 
que les courbures lombafres, ou encore Tangle sacre, sont des paramefres importants. 
D'aufres auteurs supposent que la rigidite de I'os spongieux, qui depend entre autre de la 
densite osseuse et de I'ossature, joue un role [57, 58]. La litterature montre une gamme assez 
large des paramefres pouvant affecter la resistance des vertebres. Parmi ces paramefres, on 
cite Page, le poids du corps, le niveau vertebral, les composants des vertebres (os spongieux 
ou cortical), le mode de chargement, la posture, I'activite physique et le type du sujet (sexe, 
la race). Selon les experimentations de Brinckmaim et al [11], la resistance vertebrale en 
compression depend primordialemenf de la surface de contact disque/vertebre (ossature) et 
de la densite de I'os spongieux. 
1.3.2 Le s pathologies en cause 
Dans certains pays, les problemes de maux de dos des salaries soumis atix vibrations 
sont consideres comme maladies professiormelles, et uidemnises en fant que tels [35]. Depuis 
1978, quafre pays membres de I'Union Europeenne (UE) ont infroduit dans leur liste 
nationale des maladies professiormelles, les affections lombaires et les lesions vertebrales 
decoulant de I'exposition a des vibrations globales du corps [9]. En ordre chronologique, il 
s'agit de la Belgique (1978), de I'Allemagne (1993), des Pays-Bas (1997) et de la France 
(1999). En Belgique, est recormu comme maladie professiormelle occasiormee par les 
vibrations mecaniques toute affection des os et des articulations. En AUemagne, ils sont 
reconnus depuis Janvier 1993, sous le nom de "maladie du rachis lombaire provenant de 
degenerescences discales, comme consequence de I'exposition a long terme aux vibrations 
(principalement verticales) en position assise, ayant enfraine rintermpfion du fravail, etant a 
I'origine ou pouvant efre a I'origine, de la deterioration ou de la recurrence de la maladie". 
En France, on recoimait comme maladie professioimelle, les affections chroniques du rachis 
lombaire avec sciatique ou radiculalgie crurale et hemie discale de topographic concordante 
provoquees par les vibrations de basses et moyennes frequences fransmises au corps entier. 
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La nature des affections liees aux vibrations varie avec la gravite de I'exposition. Les 
lombalgies fransitofres ou permanentes sont des phenomenes douloureux plus ou moins 
uitenses qui s'accompagnent parfois d'impotence fonctionnelle. Le retentissement psychique 
de ces maladies est connu, et rend difficile leur classification par des dormees objectives et 
quantifiees. Le manque de correlation enfre la douleur et les anomalies radiologiques 
constatees contribue souvent a negliger ces troubles. C'est lors de I'apparition de 
complications que ces maladies sont prises en compte. Les revues epidemiologiques 
consuhees [32, 37, 47, 48, 52, 58-62] font etat des complicafions suivantes : hemies discales, 
sciatiques, cruralgies, apparition d'osteophytes, compression des plateaux vertebraux, micro-
fractures dans les os, destmction du disque. 
En AUemagne, la maladie professionnelle 2110 [35] regroupe frois syndromes. Le 
syndrome local lombaire, qui se fraduit par des lumbagos ou des genes recurrentes aux 
niveaux lombafre et sacre, et une diffusion radiculafre de la douleur dans les muscles des 
cuisses. Le syndrome lombaire mono et poly radiculaire, qui se fraduit par une radiation de la 
douleur dans une ou deux jambes par le nerf sciatique. Le syndrome "cauda equina", qui est 
une forme particuhere du syndrome poly-radiculafre, avec des symptomes tels qu'une 
absence de reflexe du tendon d'Achille, accompagnee d'insuffisances musculaires pouvant 
aller jusqu'a I'impofence. Cette classification ne prend en compte que les etats avances de la 
maladie, et par la meme, ne constitue qu'tme protection partielle du travailleur. Les froubles 
neurologiques, comme les sciatiques et cmralgies qui peuvent enfrainer la paralysie, sont des 
consequences dfrectes des affections du rachis, et constituent tm stade avance de la maladie. 
Enfin, quelques etudes ont fait etat de pourcentages eleves de scolioses (particulierement 
lombafres) chez les populations exposees. Seidel et Heide [46] relevent 24 etudes dans 
lesquelles des modifications pathologiques des courbures rachidiennes apparaissent avec une 
plus grande incidence chez les populations soumises aux vibrations en position assise. Huit 
etudes presentent des resultats significafifs. Les deformations dans le plan sagittal, comme la 
perte de lordose lombaire, sont liees a la position assise alors que les deformations 
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tiidimensiormelles (scolioses) provieiment souvent de la conduite sur terrain accidente, qui 
oblige le conducteur a des inflexions laterales. Les deficiences musculaires du fronc 
observees chez les conducteurs ont tendance a aggraver ces phenomenes. 
1.3.3 Physiopathologie s des troubles du rachis 
Le rachis est classiquement separe en frois regions disfinctes, tant sur le plan fonctioimel 
qu'anafomique : les regions cervicale, thoracique et lombaire, comme I'illusfre la figure 1.1. 
Figure 1.1 Courbure s du rachis, en position debout, assise sans appuis lombaire 
(en haut a gauche), avec appuis lombaire (en bas a gauche). 
Tfree de la reference [63] 
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Le rachis est constitue par sept vertebres cervicales, douze thoraciques et cinq lombafres 
auxquelles on rajoute le sacmm, qui fonctionnellement fait partie du bassin. Chaque vertebre 
possede im corps, tm arc posferieur avec un systeme articulaire posferieur pair et symetrique, 
et une apophyse epineuse mediane. Les vertebres sont reliees entre elles par les disques 
intervertebraux enfre chacun des corps en avant, et par les articulations posterieures. On 
denombre 23 disques places entre chaque vertebre le long du rachis. Seule I'articulation enfre 
r atlas et I'axis au niveau cervical superieur en est exempte. Deux vertebres adjacentes sont 
liees entre elles par le disque intervertebral en anferieur, les deux processus articulaires en 
posterieur, et le systeme ligamentaire. Les plateaux cartilaguieux recouvrent la stmcture 
discale, et separent le spongieux du disque dont I'apport nutritionnel depend de la porosite du 
cartilage. Rappelons en effet que le tissu discal n'est pas vascularise. Sept Hgaments sont lies 
a une unite fonctionnelle (ensemble de deux vertebres et des tissus de liaison) comme le 
decrit la figure 1.2: les ligaments jatme, capsulafre, interepineux, supraepineux, longitudfrial 
anterieur, longitudinal posterieur et intertransverse. Us sont arranges de fa9on a ne subfr que 










Figure 1.2 Unit e fonctionnelle et ligaments. 
Tiree de spineimiverse.com 
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Si on analyse localement les forces mises en jeu, le rachis supporte mecaniquement la 
masse du corps situee directement au dessus de la vertebre concemee. II existe done, a 
chaque niveau, une force gravifatiormelle s'exer9ant verticalemenf a laquelle on peut rajouter 
les forces musculo-hgamentaires permettant a la stmcture de tenir la position erigee. 
L'ensemble des forces exercees sur un disque est appele : force de contact (la resultante est 
verticale). En fonction de I'orientafion des plateaux vertebraux et du disque, on peut diviser 
la force de contact verticale en deux resultantes, I'une parallele au plateau et 1'autre 
perpendiculaire. On comprend I'interet des courbures rachidiennes dans leur fonction 
antigravifafre, qui, en incluant les vertebres et les disques intervertebraux, permet la 
dispersion a chaque niveau des forces de contact en deux resultantes de compression et de 
cisaillement. Done, pour exphquer les degenerescences observees, il faut considerer 1'aspect 
mecanique des phenomenes, ainsi que I'aspect biologique [47]. L'aspect mecanique du 
phenomene est d'abord conditiorme par la position assise, qui impose des confraintes elevees 
dans les disques. Dans sa position naturelle (position debout), le rachis presente frois 
courbures dans le plan sagittal : la lordose lombaire, la cyphose dorsale, et la lordose 
cervicale (Figure 1.1). Le rachis lombaire, de par sa disposition, est la partie la plus sollicifee, 
car il supporte le poids du fronc. En posifion assise, les courbures sont modifiees, la lordose 
lombaire diminue ou se fransforme en cyphose [64, 65, 66,  67]. Des mesures in vivo ont 
monfre que la pression infradiscale lombaire augmente de 35 % en position assise, fraduisant 
une augmentation des efforts supportes par les tissus [68]. 
L'exposition aux vibrations verticales en position assise sollicite les disques en 
fraction/compression principalement. Des etudes de la reponse electromyographique (EMG) 
ont monfre que l'imposition de vibrations de basses frequences en position assise modifie le 
comportement des muscles du fronc [45]. La frequence et famplifude des confractions sont 
modifiees, fraduisant ainsi la fatigue des tissus [43]. La baisse du tonus musculaire des sujefs 
exposes aux vibrations provoque des insfabilifes vertebrales qui vont accroifre les charges 
supportees par le rachis. Les confractions musculaires peuvent avoir, a certaines frequences, 
un effet aggravant sur les charges supportees par le rachis. La desynchronisation des 
confractions par rapport au stimulus depend de la precharge musculaire, et done de la posture 
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[68, 69]. Lorsque les confractions se font en opposition de phase avec le stimulus, les efforts 
developpes s'ajoufent aux efforts generes par les stimuU. Les muscles ne peuvent done pas 
toujours constifuer une protection efficace. A ces contraintes mecaniques s'ajoufent des 
modifications des processus biochimiques [35, 70], et une alteration de I'apport sanguin. 
Pope et al [35, 43] ont frouve un accroissement du facteur de Willebrand chez les sujefs 
soumis aux vibrafions, et suggerenf la possibilite de modifications vasculaires enfrainant une 
baisse de nutrition des tissus envirormant le rachis. La modification de la diffusion des 
liquides dans le disque intervertebral, provoquee par les charges dynamiques, modifie le 
metabolisme des tissus et conduit a une usure prematuree du disque. Une seconde hypothese, 
avancee par Sandover [71], suggere que des osteophytes apparaissent a la suite de 
microfractures des plateaux vertebraux et de I'os trabeculaire sous-jacent. La surface de 
nutrition du disque diminue, enfrainant une acceleration de la degenerescence. Les 
experimentations animales monfrent que les vibrations ont une influence sur les 
caracteristiques mecaniques, et sur la minerahsation de I'os. Janlcovich [72] a constate une 
augmentation de la rigidite et de la microdurete de I'os, ainsi qu'une certaine desorganisation 
de la mineralisation osseuse. Ces observations denotent une possible fragilisation de I'os, et 
sont coherentes avec I'hypothese de Sandover. Les observations realisees sur la 
mineralisation peuvent constifuer tme explication en ce qui conceme le danger que constitue 
la precocife de I'exposition. En effet, Jankovich [72] observe un developpement aleatoire au 
cours de la croissance de la mineralisation chez le rat soumis atix vibrations. L'absence de 
microstmcfure orientee qui en resulte, diminue les capacites de deformations elastiques de 
I'os, et le rendent plus vulnerable aux charges. 
1.4 Estimatio n du risque du aux vibrations 
Nous avons pu constater a quel point les vibrations mecaniques pouvaient efre nefastes a 
I'organisme. L'industrialisation massive de la planete depuis le debut du siecle a modifie 
renvfrormement de I'efre humain. Que ce soit dans le cadre de ses loisirs, ou de son activite 
professionnelle, I'homme modeme est soumis a des vibrations de fa9on quotidienne. S'il 
existe des normes intemationales qui proposent des limites en matiere de dose vibratoire 
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admissible pour le confort ou la securite, on peut se demander si elles ne sont pas assez 
resfrictives, parce qu'elles reposent sur des hypotheses reducfrices. L'augmentation constante 
des populations concemees par les problemes lombalgiques hes aux vibrations est un indice 
de I'insuffisance de la protection. L'amehoration de cette situation passe par une 
amelioration ou tm renforcement des normes et des sysfemes de protection. 
1.4.1 Norme s intemationales 
Actuellement, peu d'outils sont disponibles pour estimer le risque de maux de dos du a 
une exposition prolongee aux vibrations globales du corps. Les oufils les plus communs pour 
estimer le risque encoum suite a une exposition aux vibrations sont le guide ISO 2631 [73-
75] et le BS 6841 [76]. Le role premier de ces normes est de definir une methodologie 
permettant de quantifier les vibrations repues par I'organisme et de fixer des seuils 
acceptables de doses vibratofres. Plusieurs situations sont prises en compte: la preservation 
de la sante, de la fatigue, du confort, la perception des vibrations, la capacite a realiser une 
tache et enfin la protection confre le mal des fransports. Pour chacun de ces cas, des 
methodologies d'evaluation et des seuils de tolerance sont fixes. Nous allons ici presenter la 
norme ISO 2631 [73, 75], nous parlerons du British Standard 6841 [76] seulement lorsqu'il 
differe de la norme ISO. Nous ne relaterons que les points qui concement la preservation de 
la sante, de la fatigue et du confort. 
1.4.1.1 Evaluatio n du niveau vibratoire 
Les vibrafions fransmises a I'organisme doivent efre mestirees par rintermediafre de 
I'acceleration a I'interface enfre la source vibratoire et le corps humain. Lorsqu'il s'agit d'un 
siege (Figure 1.3), les acceleromefres doivent etre disposes sous les ischions au niveau de 
I'assise et la ou le support est maximal pour le dossier. Les methodes d'evaluation proposees 
par la norme (Fig. 1.4) utilisenf une moyenne du signal dans le domaine frequentiel. La 
methode est choisie en fonction de la nattire du signal fraite. 
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1.4.1.2 Method e classique 
La methode classique utilise I'acceleration efficace ponderee en frequence pour 
evaluer la gravite du signal. L'acceleration efficace ponderee dorme une indication sur la 
severite du signal re9u, elle ramene le signal a une grandeur scalaire. 
L'acceleration efficace, exprimee en m/s^ est definie comme suit: 
a... = 






OU aw(f) est l'acceleration ponderee en frequence en fonction du temps et T est la duree de 
mesure en seconde. 
Les foncfions de ponderafion utilisees pour calculer l'acceleration ponderee, sont des 
filfres frequenfiels. La ponderafion de l'acceleration re9ue sur la bande de frequences etudiee 
permet de tenir compte des variations de sensibilite du corps humain en fonction de la 
frequence et de I'amplitude. La norme actuelle fixe des limites a respecter potir preserver la 
sante ou le confort des operateurs. Elle prend en compte certains facteurs comme la duree 
d'exposition, les points et directions d'enfree dans I'organisme, ainsi que la dependance de la 
sensibihte a la frequence. Elle est pourtant beaucoup critiquee, car elle ne prend pas en 
compte les disparites individuelles, pas plus que la nature des vibrations re9ues. De toute 
fa9on, si cette norme est utile pour dormer tme limite quotidieime d'exposition aux vibrafions, 
il faut utihser d'aufres methodes pour estimer le risque a long terme du a une exposition 
prolongee aux vibrations. Toutefois, la methode classique d'evaluation n'est pas valable dans 
tous les cas. Le facteur de crete permet de quahfier le signal etudie. Ce facteur est defini par 
le module du rapport enfre le plus grand ecart instantane enfre le signal crete pondere en 
frequence et sa valeur efficace. Lorsque le signal contient des chocs occasioimels ou lorsque 
le facteur de crete est superieur a 9, revaluation par l'acceleration efficace ponderee 'aw', des 
vibrations re9ues n'est plus valable. Cette valeur sous estime alors I'intensite du signal. On 
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peut, dans ces cas la, ufiliser d'aufres methodes d'evaluation. La norme BS 6841 differe de la 
norme ISO sur ce point, elle conseille I'utiHsation de la methode de quadri-puissance (« The 
fourth power vibration dose method ») pour la preservation de la sante et pour la preservation 
du confort lorsque le facteur de crete est superieur a 6. Boileau et al [77] (1988), ont prouve 
que I'utilisation de la methode ISO 2631, en comparaison avec la methode de quadri -
puissance, pour, laquelle le facteur de crete est important, peut conduire a des estimations de 
doses de un a frois fois plus faibles pour le confort et de un a sept fois plus faibles pour la 
sante, dependant de la valeur du facteur de crete des signaux. Dans le cas ou la methode 
d'evaluation classique risque de sous-esfimer les effets des vibrations (facteurs de crete 
eleves, chocs occasionnels, vibration transitofre), il convient de determiner egalement I'une 
des aufres mesures decrites ci-apres, a savoir la valeur efficace mobile MTW ou la methode 
de quadri puissance. 
1.4.1.3 Method e de la valeur efficace mobil e (MTW ) 
La methode de la valeur efficace mobile tient compte des chocs occasionnels et des 
vibrations fransitoires en faisant intervenir une constante de temps d'integration courte. 
L'intensite des vibrafions est definie comme le maximum de la vibration fransitoire (MTW), 







MTW=max {««• (to) } (1.3) 
1.4.1.4 Method e de Quadri-puissance (VDV) 
La methode de quadri puissance (ou racine quatrieme de la dose vibratoire) est plus 
sensible aux pics d'acceleration que la methode d'evaluation classique, car comme le 
Kurtosis, elle utilise la puissance quatrieme au lieu de la variation femporelle de 
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l'acceleration comme base de calcul de la moyenne. La puissance quatrieme de la valeur de 




ou aw(t) est l'acceleration ponderee en frequence insfantanee et T est la duree du mesurage. 
1.4.1.5 Dos e d'acceleration Dk en cas des chocs multiples 
La dose d'acceleration, Dk, en mefres par seconde carree, dans la direction k, est 
definie selon I'equation suivante: 
Ac = E^ ^^  (1.5) 
ou Aik est la ie valeur crete de I'accelerafion de la reponse aik(t) et k = x, y ou z. 
Une valeur crete, dans cette formulation, est definie ici comme la valeur absolue 
maximale de l'acceleration de la reponse entre deux passages a zero consecutifs. Pour les 
dfrections x et y, les valeurs crefes negatives et positives doivent etre comptees. Pour la 
direction z, seules les valeurs cretes positives doivent efre comptees (la compression de la 
colonne vertebrale revet un interef primordial pour la severite de I'exposition). Pour le calcul 
de la dose, les valeurs cretes d'tme amplitude significafivement plus faible (d'tm facteur de 
frois ou plus) que la valeur crete la plus elevee ne contribueront pas de maniere significative 
a la valeur associee au terme de la puissance sixieme de I'equation (1.5) et peuvent ainsi efre 
negligees. Pour revaluation des effets sur la sante, il est utile de determiner la dose 
quotidienne moyerme, Dkd, en mefres par seconde carree, a laquelle un individu est expose, 
en utilisant I'equation suivante: 
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DM = Dk (1.6) 
ou td est la duree d'exposition quotidienne et tm est la duree pendant laquelle Dk a ete 
mesuree. 
1.4.2 Estimatio n de la limite theorique de fatigue sous excitation aleatoire 
Thomas et  al  [18-20] proposent une methode analytique permettant de predire la vie des 
vertebres lombaire avant mpture sous excitation aleatoire. Cette methode suppose une 
excitation aleatoire. Dans le cas de l'analyse en fatigue sous excitation aleatoire, Steinberg 
[107] propose d'appliquer la regie des 3 sigmas afin d'estimer un indice de dommage 
cumulatif R. Cet indice R peut etre defini, selon la regie de Miner, en fonction du nombre de 
cycle total accumule avant dommage Nj et du nombre de cycles accumules Uj avant 
d'atteindre les niveaux de vibration la, 2 a et 3 a : 







Quand un individu est expose a des vibrations aleatoires, le niveau de vibration efficace 
(la) est atteint pendant 68%) du temps, un niveau egal a 2 fois le niveau efficace (2 a) est 
atteint pendant 27% du temps et un niveau egale a 3 fois le niveau efficace (3 a), considere 
comme le niveau crete, est atteint pendant 4%  du temps. Ces criteres temporels ont permis a 
Thomas et  al  de defmfr un indice de dommage cumulatif R pour les conducteurs de 
vehicules, en se basant sur la regie des 3 sigmas. 
1.4.3 Evaluatio n du risque pour la sante selon ISO 2631-97 [73] 
Pour evaluer la compatibihte d'un envirormement vibratoire avec la sante, racceleration 
ponderee efficace doit etre calculee potir chacune des directions de I'espace pour lesquelles 
une acceleration est fransmise au sujet. L'evaluation de la severite du signal re9u doit efre 
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faife independanmient pour chaque direction. Pour etudier 1'impact des vibrations re9ues sur 
la sante de la population qui nous interesse, on utilisera les vibrations les plus severes, toutes 
directions confondues, fransmises par rintermediafre de I'assise. La duree pendant laquelle le 
sujet est soumis aux vibrations doit efre prise en compte, car l'effet des vibrations est lie a 
I'energie re9ue. Deux expositions joumalieres sont equivalenfes lorsque : 
^ 1 / 2 ,p 1/2 
^wl- ' l = «w2- '2 (1.8) 
La figure 1.5 illusfre les zones de sectirife (enfre les lignes pointillees) a respecter pom-
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Cette zone depend de l'acceleration ponderee efficace et de la duree pendant laquelle 
le sujet est soumis aux vibrations. 
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La norme BS6841 [76] utilise une dependance au temps differente, definie par 
I'equation [1.9]. Cette equation definie tme nouvelle zone de securite, indiquee sur la figure 
1.5. 
aX'-a^2T;" (1.9) 
Les etudes utilisees pour definir ces zones de securite se basent sur des durees comprises 
enfre 4 et 8 heures. Les recommandations doivent etre considerees avec pmdence pour des 
temps d'exposition plus courts. 
1.4.4 Evaluatio n du risque pour la sante en cas de chocs multiples [IS02631-5-2004 [75]] 
L'ufilisafion d'un modele biomecanique, fonde sur des doimees experimentales, a 
demonfre qu'il existe une relation lineaire entre I'element de confrainte de compression 
resultant des chocs d'enfree et la valeur crete de la reponse en acceleration de la coloime 
vertebrale. Une confrainte de compression statique equivalente, Se, en mega pascals, est 




ou Dk est la dose d'acceleration dans la direction k. Les valeurs recommandees de mk sont, 
dans chaque direction: mx = 0,015 MPa/(m/s^); my = 0,035 MPa/(m/s^); mz = 0,032 
MPa/(m/s^). 
La dose de compression statique equivalente quotidieime, Sed, est obtenue en 
normalisant Dk a la dose d'acceleration Dkd pour la duree d'exposition quotidieime moyerme 
selon I'equation suivante : 
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S..= 'ed IK^^)' (1.11) 
k=x,y,z 
En regie generale, un facteur R peut efre defini pour servir a evaluer les risques 
d'atteinte a la sante lies a la dose d'acceleration de la reponse humaine. II convient de calculer 
R par sequences, en tenant compte de I'augmentation de I'age au fur et a mesure que la duree 
d'exposition augmente. II est defini comme suit: 
ou : 





N est le nombre de jours d'exposition par an; 
i est I'indice an; 
n est le nombre d'annees d'exposition; 
c est tme constante representant la confrainte statique due au simple poids du corps; 
Sui est la charge compressive de mpture des vertebres du rachis pour tme personne 
agee de (b+ i) ans; 
b est I'age auquel commence I'exposition. 
Selon I'lSO 2631, tme valeur de la constante 'c' egale a 0,25 MPa peut generalement efre 
utihsee. La valeur Sui varie avec la densite osseuse des vertebres, qui diminue generalement 
avec I'age. 
La relation suivante entre Sui (en megapascals) et b + i (en annees) est issue d'etudes 
realisees in vifro: 
Sui =6,75-0,066 (b + i) (1.13) 
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II existe une variabilite humaine importante, R < 0,8 indiquant une faible probabilite 
d'apparition d'un risque d'atteinte a la sante, et R > 1,2 indiquant une forte probabifrte 
d'apparition d'un risque d'atteinte a la sante. 
Un calcul sequenfiel pour une persoime dont I'exposition commence a I'age de 20 ans 
(b = 20) atteindra la valeur R = 0,8 a I'age de 65 ans (n = 45) si la dose quotidienne Sed est 
egale a 0,5 MPa. La meme persorme atteindra la valeur R = 1,2 a I'age de 65 ans si la dose 
quotidienne Sed est egale a 0,8 MPa. Ce calcul se fonde sur 240 jours d'exposition 
equivalente (N) par an. Pour I'apphcation a un aufre nombre de jours d'exposition par an, les 
limites appropriees de Sed sont obtenues en multiphant les valeurs 0,5 MPa et 0,8 MPa par 
(240/N)^^^ 
1.5 Les etudes de fatigue des vertebres 
L'os, comme tous autres materiaux, est sujet a de la fatigue mecanique lorsqu'il est 
soumis a un chargement cyclique repetitif Le chargement cyclique in vivo se produit soit 
dans des heux de fravail exposes aux vibrations mecaniques soit pendant des operations de 
manipulation ou durant des activites de loisfrs et sportifs. L'exposition continuelle du corps 
humain a des vibrafions globales peut efre a long terme origine de problemes de maux de bas 
de dos due au cumul des microfissures dans les os (cortical et spongieux), les plateaux 
cartilagineux et les disques intervertebraux [1-20]. La mpture de l'os vertebral est importante 
sur le plan clinique ainsi que biologique. D'un point de vue clinique, les dommages et les 
deformations permanentes, sous un chargement cyclique, peuvent probablement affaiblir la 
resistance du corps vertebral [78, 79]. Le mecanisme de dommage cause par fatigue dans l'os 
peut initier les fissures et leur propagation jusqu'a la mpture. Biologiquement, le cumul des 
dommages sous tm chargement cychque repetitif est le responsable du declenchement du 
mecanisme de remodelage de l'os. Puisque le remodelage in vivo de l'os cortical peut efre 
declenche avec I'apparition des dommages par fatigue, il est possible que le chargement 
cyclique agisse egalement en tant que stimulus pour lancer le mecanisme de remodelage 
d'os frabeculaire des vertebres. Meme si I'amplitude des charges dynamiques, causees par les 
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vibrations mecaniques, peut apparaitre faible, une telle repetition de charge peut induire par 
fatigue des microfractures dans l'os causant des douleurs de bas de dos apres une longue 
exposition. Le risque de dommage par fatigue mecanique peut efre considere comme non 
significatif pour les jeunes conducteurs, du au phenomene de regeneration de l'os, mais il 
peut efre critique pour les conducteurs ages a cause de la perte des proprietes mecaniques de 
l'os (rigidite, densite osseuse) et des disques intervertebraux (degenerescence discal) [17, 80 -
82]. 
Bien que de nombreuses etudes experimentales et numeriques aient ete faites pour 
analyser le comportement mecanique du rachis lombaire, tres peu d'entre elles touchent le 
comportement de fatigue a long terme des vertebres lombaires : 
La premiere experience sur la mpture par fatigue des vertebres lombaire a ete faite par 
Hardy et al [14]. Les auteurs ont examine I'effet d'un chargement cyclique (compressif et de 
flexion) sur dix rachis lombaires frais et cinq rachis lombaire embaume (cinq vertebres avec 
les disques intervertebraux). La charge dynamique compressive appUquee variaif de 500 N a 
4500 N, et la frequence du chargement etait egale a 2 Hz. Sous compression, des fractures 
des vertebres ont eu lieu apres 1 290 000 cycles, alors que, pour ce mode de chargement, 
aucun dommage n'a pas ete observe sur le disque intervertebral. 
Adams et al [15] ont effectue des essais de fatigue, sous flexion cyclique a une frequence de 
0,67 Hz, sur 41 unites vertebrales. La charge appliquee variaif en fonction de I'age, du sexe et 
du poids corporel, avec une valeur moyenne egale a 3 076 N. Des fractures au niveau des 
plateaux cartilagineux ont ete observees sur 27% des specimens testes au bout de 9 600 
cycles. lis ont egalement observe la formation de fissures radiales et laterales dans la partie 
posterieure de fannulus des disques degeneres. 
Liu et al [16] ont teste 11 segments lombaires. Une charge compressive a une frequence de 
0,5 Hz a ete apphquee. L'amplitude de charge variaif de 37%) a 80%o de la force compressive 
ultime des vertebres. Les tests ont ete conduits sous temperature ambiante. Pour des charges 
superieures a 60% de la confrainte ultime. Les resultats ont monfre qu'au bout de 2 000 
cycles, une variation bmsque du deplacement etait observee sur cinq specimens testes. Cette 
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variation, due a une perte irreversible de la taille des echantillons, a ete interpretee comme un 
signe de fracture. Les fractures ont ete observees dans l'os frabeculaire et dans les plateaux 
cartilagineux. 
• Hansson et al [10] ont expose 17 segments lombaires a un chargement sinusoidal de 
compression (0,5 Hz). L'age des specimens teste etait de 37 a 82 ans. Les tests ont ete 
effectues a la temperature ambiante. L'amplitude de la charge appliquee variaif de 60%) a 
100%o de la force ultime de compression. Toutes les mptures par fatigue ont ete produites au 
bout de 950 cycles au maximum. Des dommages ont ete observes sur l'os frabeculaire et sur 
les plateaux cartilagineux. 
• Brinckmaim et al [11] ont realise une etude sur 70 segments lombaires exposes a un 
chargement compressif triangulaire a une frequence de 0.25Hz. Les tests ont ete effectues a 
37°C. La charge appliquee variait enfre 20%) et 70% de la force compressive ultime des 
unites vertebrales. L'arret des tests etait confrole par revolution des courbes temps -
deformation. Des fractures ont ete observees principalement sur les plateaux cartilagineux. 
Les auteurs ont constate qu'une charge de I'ordre de 30% de I'ultime pouvait etre consideree 
comme une limite d'endurance in-vivo. 
• Gordon et al, 1991 [83], ont mene des tests de fatigue (compression - flexion - rotation) sur 
14 segments lombaires avec leur elements posterieurs sous une frequence de chargement de 
I'ordre de l,5Hz. L'amplitude de la charge appliquee etait de I'ordre de 1334N, durant une 
duree moyenne de 6,9 heures (3-13 heures), ce qui est equivalent a un nombre de cycles 
moyen de I'ordre de 36 750 cycles. 10 disques intervertebraux ont echoue par protmsion 
discale et quafre ont echoue par extmsion nucleaire a fravers les dechirtires discales. 
» Holmes (1994) [84], a teste sept unites vertebrales en compression cyclique, dont l'age des 
specimens etait enfre 40 et 80 ans. La force appliquee est de I'ordre de 1 900N et la frequence 
du chargement est egale a 0.5 Hz. Le critere de mpture adopte correspondait a un 
deplacement de 1,5 mm ou plus. La mpture a ete observee sur cinq unites au niveau des 
plateaux cartilagineux au bout d'un nombre de cycle variant de 200 a 3 400 cycles (tme 
moyenne de 1 300 cycles). 
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Gallagher et al [13] ont teste frente-six segments lombaires (unites lombaires). Le 
chargement etait forme d'une composante compressive et d'une composante de cisaillement 
pour simuler la levee d'une charge de 9 kg dans trois angles de flexion du fronc (0 °, 22,5 ° 
et 45 °). L'amplitude des charges appliquees variait de 25% a 60%o de la force de compression 
ultime. Chaque segment a ete soumis a une charge statique (fluage) pendant 15 min puis etait 
soumis a une charge dynamique a 0,33 Hz jusqu'a la mpture oti jusqu'a un nombre maximal 
de cycles egale a 10 000 cycles. Sous des charges superieures a 40%), 25 segments ont ete 
brises par fatigue avant les 10 000 cycles. Tous les specimens ont ete inspecfes visuellement 
et sectionnes afin de determiner le mode de defaillance. Differents modes de mpture ont ete 
reveles, y compris des fractures des plateaux cartilagineux, des fractures vertebrales et/ou des 
perturbations sur les articulations zygapophysial. Un nouveau systeme de classification de la 
nature des fractures des plateaux cartilagineux a ete developpe dans cette etude. Ce systeme 
de classification de la fracture complete celui identifie par Brinckmaim et al [11]. II en est 
ressorti que les plateaux cartilagineux et l'os spongieux des vertebres semblent efre les tissus 
les plus susceptibles a efre endommages [10-17]. Des fractures vertebrales et de perturbation 
des articulations zygapophysial ont egalement ete observees en compression. Cependant, les 
dommages des disques intervertebraux sont moins frequents en compression pure. Des 
lesions discales ont ete observees lors d'tm chargement compressif combine avec tme flexion 
[13, 15, 83] ou avec une torsion axiale. Des recherches faites sur des disques d'animaux 
monfrent que I'hemie discale peut aussi etre causee par de multiples flexions-extensions sous 
des charges moderees. 
D'aufre part, plusieurs auteurs ont developpe des modeles numeriques pour decrire le 
comportement en fatigue de l'os cortical [85-91] et le comportement en fatigue de l'os 
frabeculaire. Guo et al [90] ont modehse en 2D, l'os frabeculaire comme une stmcture ideale 
en nid d'abeilles, compose d'un ensemble de cellules hexagonales. Chaque trabecula a ete 
modelise comme une poufre elastique lineaire avec les proprietes de l'os cortical. Taylor et al 
[91] ont simule le comportement en fatigue des os spongieux en reposant sur I'hypothese que 
le comportement en fatigue de l'os frabeculaire est similaire a celui de l'os cortical. Bien que 
ces etudes foumissent des informations multiples sur la fatigue des os, elles ne sont pas en 
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mesure de foumir tme idee claire sur le comportement de fatigue des vertebres au complet, 
sur les elements les plus susceptibles a etre endommages, et sur le mecanisme de mpture par 
fatigue des vertebres lombaires enfieres. 
En conclusion, I'hypofhese que les maux de bas de dos proviennent des vibrations 
mecaniques de basse et moyeime amplitude qui generent par fatigue, des microfissures dans 
l'os spongieux et les plateaux cartilagineux, merite d'efre etudiee. Cet aspect est justifie a 
I'aide des experimentations realisees in vifro. Mais selon les normes en vigueurs ainsi que les 
etudes epidemiologiques, les maux de bas de dos peuvent efre dus aussi aux lesions des tissus 
mous. D'ou I'exisfence de deux courants de pensee en ce qui a trait aux maux de dos 
provenant possiblement des vibrations: I'hypofhese qu'ils sont dus aux lesions des tissus 
mous et I'hypothese qu'ils sont dus aux dommages des os. Vue la complexite du probleme 
fraite, cette recherche s'interesse a I'hypothese que les maux sont dus aux dommages des os. 
Le logigramme suivant (Figure 1.6) montre une schematisation du probleme et les objectifs 
de cette recherche. II monfre aussi les paramefres, pouvant influences le comportement 
mecanique des os, a analyser dans cette etude. Le comportement en fatigue des vertebres 
depend de I'interaction des comportements de toutes les composanfes (l'os trabeculaire, l'os 
cortical, cartilage, disques intervertebraux). Comme les dormees sur les limites de I'endurance 
des vertebres entieres ne sont pas disponibles, les resultats des tests de fatigue sur d'aufres os 
(os cortical, os frabeculafre, cartilage, et disque intervertebrale) ont ete utilises pour simuler 
le comportement de fatigue de I'ensemble des vertebres lombaires. 
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Lombalgies causes par 
les vibrations 
Objectif principal: 
~ Evaluer l'effet des vibrations sur la 
fatigue des vertebres 
~ Evaluer les limites d'endurance aux 
vibrations : Ref. Article 1 & 4 
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OS des vertebres 
• ^ 









Analyser l'effet de la 
morphologie et du 
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Population: Travailleurs, position assise avec des vibrations 
transmises par le siege. 
Figure 1.6 Logigramm e resumant la problematique et les objectifs de la 
recherche. 
1.6 Modelisation s des vertebres 
L'analyse du comportement de fatigue des vertebres sera fraitee a I'aide de methode des 
elements finis en employant un modele parametre. En raison de la complexite des vertebres, 
peu de modeles numeriques ont ete developpes afin de simuler le comportement de fatigue 
des vertebres entieres. Avant de presenter le modele adopte, nous allons proceder a tme 
analyse de ce qui existe en matiere de modele vibratoire, afin d'eclairer les avancees offertes 
par le modele, et de jusfifier le choix de nofre modelisation. 
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1.6.1 Le s modeles de type masse-ressort amortisseur 
De nombretix modeles discrets de type masse-ressort-amortisseur ont ete developpes 
pour representor le comportement dynamique vibratoire du corps humain dans differentes 
postures, et pour differentes dfrections. Ces modeles sont constmits par identification a une 
ou plusieurs reponses particulieres : masse apparente, impedance mecanique, fransmissibihte 
d'un segment du corps (fete, thorax, epaule ...), et peuvent aller du modele fres simplifie a un 
seul degre de liberte au modele non-lineafre a plusieurs degres de hberte. Plus un modele 
possede de degres de liberte, plus il sera en mesure de simuler la reponse du corps humain 
aux vibrafions, dans sa globalite. Les modeles lineaires ne permettent de modeliser le 
comportement du corps htimain que pour tme situation donnee (posture, envirormement) et 
un stimulus donne, leur plage d'utilisation est fres restreinfe. En revanche, ils sont faciles a 
mettre en oeuvre et a ufiliser. L'evaluation des principaux modeles par rapport a differentes 
grandeurs calculees [92] monfre clairement les limitations d'une modelisation simpliste. 
Boileau et al [92] a etudie les reponses de certains de s modeles de type masse-ressort-
amortisseur du corps humain. Les resultats de Boileau monfrent que ce type de modelisation 
atteint rapidement ses limites. Les modeles ne permettent de simuler que quelques reponses 
ciblees, et ils ne sont pas en mesure de representor, ni d'expliquer, les mecanismes et les 
mouvements lies aux resonances. Pour ce faire, il convient d'evoluer vers des modeles plus 
complexes, dont les paramefres sont lies a la morphometrie du corps humain. 
1.6.2 Le s modeles de type corps rigide 
Le modele de type corps rigide est un modele de type masse-ressort plus complexe. II 
constitue I'efape infermediaire enfre la modehsation masse-ressort, et la modelisation par 
elements finis. Le corps humain est represente par des elements rigides, relies entre eux par 
des ressorts ou des amortisseurs. Les masses rigides prises en compte sont en rapport avec la 
morphometrie d'tm efre humain, et les degres de liberte sont situes au niveau des 
articulations. De nombreux modeles ont ete developpes pour combler finsuffisance des 
modeles masse-ressort. Verver (2003) [93] presente un modele humain multi-corps, 
MADYMO, constitue de corps rigides, de ressorts et d'amortisseurs permettant de predire les 
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forces de compression, de tension et de cisaillement au niveau de toute la coloime vertebrale. 
Fritz (2000) [94] presente un modele du corps humain egalement consfitue de corps rigides 
predisant les forces agissant sur le rachis lombaire et les vertebres cervicales. Ainsi les 
modeles masse-ressort et corps rigides sont d'utihsation simple et peu coufeux. Hs constituent 
un outil de prediction performant lorsqu'ils sont utihses dans leurs limites de validite. Le 
principal inconvenient de ces modeles est leur manque de bio-fidelife, et I'efroitesse de leur 
plage d'utilisation. Une modelisation simple ne permet de prendre en compte que des 
reponses globales, et ne peut pas expliquer les phenomenes mis en jeu. 
1.6.3 Le s modeles par elements finis 
En fait, le corps humain a un comportement fortement non lineaire, de par ses 
caracteristiques mecaniques. L'extension du principe de modele discret de type masse-
ressort-amortisseur est la modelisation numerique continue de type par elements finis qui 
permet, par discretisation d'une stmcture, d'en modeliser le comportement mecanique. Pour 
comprendre, predire, et limiter la fransmission des vibrafions au corps humain, il est 
necessaire d'evoluer vers des modelisations plus fines, qui tieiment autant compte des 
caracteristiques anthropomefriques du corps, que des caracteristiques mecaniques des tissus. 
Une modehsation bio-fidele du corps humain, en termes d'anthropometric, et de 
comportement mecanique, permet d'apporter des elements de comprehension sur les 
mecanismes de fransmission des vibrations, sur les organes principalement concemes, sur les 
efforts internes engendres. Une fois valide, le modele permet d'optimiser les paramefres 
environnants au regard de differentes reponses. De nombreux modeles par elements finis du 
corps humain, ou de segments du corps humain, ont ete developpes pour de nombreuses 
apphcations, telles que I'orthopedie ou la securite automobile. La htferature monfre plusieurs 
modeles numeriques pour la prediction du comportement humain face aux vibrations du 
corps entier. Plusieiurs modeles par elements finis ont ete proposes pour etudier le 
comportement dynamique du rachis et de la coloime vertebrale [95-104]. Ces etudes ont 
foumi plusieurs informations concemanf le comportement dynamique des segments 
lombaires. Kitazald et Griffin (1997) [95] ont developpe tm modele par elements finis 
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bidimensionnel du corps humain afin d'etudier les vibrafions du corps global. Des elements 
de poufres, ressorts et masses ont ete utilises pour modeliser la colonne, le bassin, la fete, les 
visceres et les tissus fessiers. Buck et Woelfel (1998) [96] ont developpe un modele par 
elements finis 3-D dynamique avec une representation detaillee du rachis lombaire et des 
muscles du dos. Le modele comprend tm comportement non lineaire des ligaments et des 
contacts au niveau des surfaces articulaires. Ce modele complet d'une personne assise 
modelise le fronc superieur du corps humain en utilisant des corps rigides. Pankoke et al 
(2001) [97] ont presente une version simplifiee, lineaire du modele de Buck et Woelfel 
(1998). Cependant, les modeles par elements finis exisfants ne permettent pas d'expliquer ni 
de comprendre un certain nombre de phenomenes observes, tels que : l'effet de la posture sur 
le comportement mecanique du rachis, l'influence de certains parametres morphometriques 
particuliers (taille des vertebres, poids corporel), ou l'influence des caracteristiques 
mecaniques des tissus (amortissement, densite osseuse, rigidite, vieillissement). De plus, 
pour quantifier le role de la vibration chronique du corps global sur les changements 
geometriques et stmcturaux et sur les fractures par fatigue, il est essentiel d'evaluer la 
distribution des confraintes et des deformations dans les differents elements du rachis. Ceci 
est difficile, voir impossible a reahser experimentalemenf. La methode des elements finis 
semble done efre une bonne solution a ce probleme. Bien que la modelisation des vertebres 
d'tm individu bien defini soit plus fiable et pour pouvoir tenir compte fres rapidement des 
diversifes morphologiques de chaque individu, une modelisation par elements finis 
parametriques [101] peut etre preferable, au detriment de la perte de precision. Les equations 
paramefriques des vertebres lombaires et des disques ont ete etabhes par Lavaste et al (1992) 
[101]. James et al (1986) [105] en a dorme des dimensions morphometriques mesurees sur 
differents corps vertebraux (Figure 1.7). Les angles de courbures [106] peuvent efre 
infroduits pour une posture assise en respectant les valeurs des angles de lordose lombaire 
(angle 9=15° : posture infermediaire) (Figure 1.8). 
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Figure 1.7 Principau x parametres des vertebres lombaires. 
Tiree de la reference [101] 
Figure 1.8 Courbur e du rachis lombaire. L'angle 0 illustre les courbures 
lombaire en postion assise: posture lordose 6 > 25°; posture flechi, 6 <5°. 
1.7 Methodologi e de recherche 
Le logigramme ci-dessous (Figure 1.9) monfre 1'architecture ainsi que la methodologie 
adoptee dans cette recherche. Base sur les resultats pubHes dans I'etude experimenfale (in-
vifro) de Brinckmaim (1988), une analyse statistique sera conduite afin de modeliser le 
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comportement de fatigue des vertebres en considerant les parametres age, densite osseuse 
des specimens testes et confrainte dynamique appliquee. 
Contrainte 










Tests de fatigue 
Experimental/ 
Article 1 
Application de la 






Calcul de fatigue/ 
Article 2, 3 et 4 
Modele de prediction de la 
duree de vie, cas des charges 
dynamiques elevees (article 
1) 
Modele de Risque de 
Fracture (articles 2 & 3). 
Modele de prediction de la 
duree de vie, cas des 
vibrations de basse et 
moyenne amplitude (article 
4). 
Limite d'endurance (articles 
3 et 4) 
Figure 1. 9 Logigramm e montran t la methodologie adopte e dans cett e 
recherche. 
L'objectif de cette analyse est de demontrer qu'en considerant des paramefres oufre la 
confrainte, il est possible de modeliser le comportement en fatigue des vertebres, chose qui 
n'est pas fait avant (pour reference, vofr I'article 1). De plus, cette analyse preliminafre. 
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presentee dans I'article 1, pourra nous aider a jusfifier le choix des parametres (vibratoires, 
individuels et mecaniques) ayant une influence significative sur le comportement de fatigue 
des vertebres exposees aux vibrations de basse et moyenne amplitude (long terme). 
Le deuxieme volet de cette recherche est base sur un modele d'elements finis 
parametrique. Cette partie est composee de trois sections disfinctes mais complementafres. La 
premiere section est cree pour des fins de validation du modele d'elements finis 
paramefriques (aux fravers des forces, des frequences et des modes propres, et des 
impedances) et pour introduire la notion du risque de dommage des os (article 2). 
La deuxieme section (article 3) est consacree pour modeliser le risque de dommage et 
pour analyser l'effet des parametres vibratoires, individuels et mecaniques sur le facteur de 
risque de dommage des vertebres du rachis. 
Dans la demiere partie (article 4), on presente une demarche theorique basee sur la 
methode des elements finis pour modehser le comportement de fatigue long terme des 
vertebres entieres et pour predire leur limite d'endurance. 
CHAPITRE 2 
DEVELOPPEMENT D'UN MODELE STATISTIQUE DE PREDICTION DE 
LA DUREE DE VIE DU RACHIS LOMBAIRE, DEPENDANT DE LA 
CONTRAINTE APPLIQUEE, DE L'AGE ET DE LA DENSITE OSSEUSE 
2.1 Presentatio n 
Cet article est publie dans Pistes : 
Ayari H., Thomas M. and Dore S., 2005. Developpement d'un modele statistique de 
prediction de la duree de vie du rachis lombaire, dependant de la confrainte appliquee, de 
l'age et de la densite osseuse. IRSST, Pistes, 7 (2), 1-14. 
Dans cet article, nous demontrons que le comportement en fatigue des vertebres lombaires 
depend de la contrainte dynamique, de l'age et de la densite osseuse du specimen teste. 
Nofre developpement est base sur l'analyse statistique des resultats publics dans I'etude de 
Brinckmann, (1988), etant donne que c'est la seule etude experimenfale qui presente 
suffisamment d'essais qui fienne compte de l'age, de la densite osseuse et de la contrainte 
appliquee pour chaque test de fatigue. En fait, Brinckmann et al (1988), dans leur etude, 
n'ont pas essaye de modeliser ime fonction analytique reliant le nombre de cycles avec le 
niveau de confrainte. Ceci est dii a la faiblesse du modele, vu le faible nombre de cycles de 
rupture en fatigue et la grande variabilite des proprietes mecaniques et stmcturales des 
specimens testes. lis ont constate qu'a des charges de moins de 30%) de la force de mpture en 
statique, la defaillance etait rare et ils ont conclu qu'un effort de 30%) pourrait efre considere 
comme une limite d'endurance pour une exposition in vivo. Vu la grande dispersion des 
resultats observes par Brinckmann, nous avons pris 1'initiative de regrouper ces donnees en 
classes, afin de pouvoir les analyser statisfiquemenf. A partir des resultats classes, nous avons 
elabore un plan d'experiences factoriel base sur les variables independantes representees par 
la contrainte appliquee, la densite osseuse et l'age et en tenant compte d'une repetition. 
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2.2 Articl e 
DEVELOPPEMENT D'UN MODELE STATISTIQUE DE PREDICTION DE 
LA DUREE DE VIE DU RACHIS LOMBAIRE, DEPENDANT DE LA 
CONTRAINTE APPLIQUEE, DE L'AGE ET DE LA DENSITE OSSEUSE 
Ayari H., Thomas M. Ph.D. Dore S. Ph.D. 
Ecole de technologie superieure, Montreal ( Qc), Canada 
1100, me Notre-Dame Ouest Montreal (Quebec) H3C 1K3. 
Resume 
Du fait de I'inhomogeneife densimetrique et stmcturale des vertebres enfre les individus et du 
fait que la resistance osseuse depende de la densite osseuse et de la continuite du reseau 
frabeculaire, qui change avec l'age, on ne peut pas considerer que le comportement en fatigue 
des vertebres depende uniquement de la confrainte appliquee. Dans cette etude, un modele 
de prediction de duree de vie est propose permettant d'evaluer le nombre de cycles de fatigue 
avant dommage en fonction de la confrainte appliquee, de la densite osseuse et de l'age du 
specimen. Vu leur grande dispersion, les resultats des essais de fatigue pubhes par 
Brinckmann (1988) ont ete classifies afin de pouvofr efre analyses par la methode des plans 
d'experiences. Un modele non lineaire presentant un coefficient de determination R2 de 
94%, est efabli. En comparant les valeurs predites par ce modele avec les resultats des essais 
de fatigue de Hansson (1987), on constate une certaine coherence enfre les resultats. Cette 
etude justifie I'hypothese que la densite osseuse et l'age oufre la confrainte appliquee ont 
un effet sur la fatigue du rachis. 
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Abstract 
Due to vertebral densimetric and stmctural inhomogeneity between individuals and due to 
the fact that vertebral resistance varies with bone density and discontinuities within the 
trabecular lattice, which change with age, vertebral fatigue behaviour cannot be considered as 
only depending with applied stress. In this study, a nonlinear model is proposed relating the 
number of cycles (N) with cyclic sfress (S), bone density and age of the specimen. Due to 
their large dispersion, the results of fatigue tests published by Brinckmann (1988) have been 
classified in order to be analysed by using the method of design of experiments. A nonlinear 
model showing a coefficient of determination R2 of 94%) has been estabhshed. By 
comparing the values predicted by this model with the results of the fatigue tests conducted 
by Hansson (1987), a coherence may be noticed between the results. This study justifies the 
assumption that the bone density and the age in addition to the cyclic sfress have significant 
effects on fatigue of rachis. 
Mots cle s : fatigue mecanique, vertebres lombaires, densite osseuse, plan d'experience, 
lesion lombaire, vibration du corps humain. 
Keywords: mechanical fatigue, lumbar vertebrae, bone density, design of experiment, 
lumbar injury; human vibration. 
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2.2.1 Introductio n 
L'os, comme tous aufres materiaux, est sujet a la fatigue mecanique lorsqu'il est soumis a tm 
chargement cyclique repetitif Le chargement cychque in vivo se produit soit dans des heux 
de fravail exposes aux vibrations mecaniques soit pendant des operations de manipulation ou 
dtiranf des activites de loisirs et sportifs. Comme exemple, l'exposition continuelle du corps 
humain a des vibrations globales intenses peut efre, a long ferme, a I'origine de problemes de 
lesions lombaires dues a des confraintes dynamiques (principalement de compression) dans la 
colonne vertebrale qiu causent la fatigue des os et des micros-fissures dans l'os spongieux 
(Pope, 1998; Bovenzi, 1998; Magnusson, 1998; Seidel,1998; Thomas, 1999; Thomas, 2004 ; 
Sandover, 1998). 
La mpture par fatigue de l'os vertebral est importante sur le plan clinique ainsi que 
biologique. D'un point de vue clinique, les dommages et les deformations permanentes, 
sous un chargement cyclique, peuvent probablement affaiblir le corps vertebral (Burr, 1997; 
Kopperdahl, 2000). Le mecanisme de dommage cause par fatigue dans l'os cortical et 
frabeculaire peut initier les fissures et leur propagation jusqu'a la rapture finale. Des micro-
fissures observees dans les vertebres, ont contribue a la diminution de la resistance de 
mpture des vertebres (Wenzel, 1996). Biologiquement, le cumul des dommages sous un 
chargement cyclique repetitif est le responsable du declenchement du mecanisme de 
remodelisation de l'os. Puisque la remodehsation in vivo de l'os cortical peut efre 
declenchee avec I'apparition des dommages par fatigue, il est possible que le chargement 
cyclique agisse egalement en fant que stimulus pour lancer le mecanisme de remodehsation 
d'os frabeculaire des vertebres. 
L'os spongieux, representant presque 90 % du volume total des vertebres, a une stmcture 
poreuse et son role fondamenfal est d'absorber I'energie (amortisseur). La porosite est une 
variable importante dans la determination des proprietes mecaniques. Pour tm tissu osseux 
normal, la porosite monfre un rapport approximafivement lineaire avec la densite apparente 
(masse/volume). Par ailleurs, la densite apparente d'tm tissu osseux est representative de la 
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quantite de tissu minerahse. Mais le critere de contenu mineral d'un tissu osseux comme seul 
critere de differenciafion enfre les patients pour identifier les fractures vertebrales (ou non) 
est limitatif Ces limitations exigent des etudes cliniques de suivi sur des centaines et parfois 
des milhers de patients, et ce sur plusieurs annees, pour developper un resultat statistique 
suffisant pour l'analyse des effets de maladie et de traitement (Guglielmi, 1995 ; Melton, 
2000). 
Puisqu'il s'agit d'un solide heterogene de cellules poreuses, les proprietes mecaniques de l'os 
frabeculaire dependent de la densite osseuse, de 1'architecture, de la sante, des sites 
anatomiques, de la direction du chargement et du mode de chargement. La relafion enfre le 
vieillissement et la densite osseuse vertebrale est bien connue et fres bien documenfee dans la 
litterature scienfifique (Ferguson, 2003, Ettinger, 2003 ; Myers, 1997). Aussi, ce n'est pas le 
sujet de cette etude. En fait, si l'age augmente, la rigidite et la resistance de l'os diminuent de 
presque 10% par decennie (McCalden, 1997; Mosekilde, 1987). Les pathologies tels que 
I'osteoporose et le cancer influent sur les proprietes mecaniques (Hipp, 1992, Pugh, 1974). La 
rigidite et la resistance de l'os spongieux dependent fortement de la densite apparente. Ces 
relations varienf en fonction des sites anatomiques, de l'age et des maladies. Des relations de 
type lineafre et de puissance sont utihsees pour decrire la dependance enfre la rigidite et la 
resistance compressive avec la densite apparente de l'os dont leurs coefficients de 
determination varienf de 0.5 a 0.9 (Brinckmann ,1989 ; Keller, 1994; Ebbesen, 1999; 
Haidekker, 1999 ; Crawford, 2003). 
Avec le vieillissement ou chez des patients souffrant du probleme d'osteoporose, une 
diminution de la densite minerale des vertebres conduit a des changements morphologiques, 
incluant I'amincissement des frabecules, I'augmenfation des espaces infrafrabeculaires et la 
diminution de la connecfivife entre les frabecules. Ce phenomene cause tme perte de 
resistance, augmente la fragilife des vertebres, le risque de fracture et de la rapture par 
fatigue (Silva, 1997, Mosekilde, 1993; Snyder,1993; Goldstefri, 1993 ; Fergusson, 2003, 
Ettuiger, 2003 ; Myers, 1997). 
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Les paramefres tels que le sexe, la race, le tabagisme, I'efat de sante et ralimentation influent 
sur la densite osseuse et par consequent aussi sur la resistance a la fatigue des vertebres. 
Plusieurs considerations theoriques minent I'utihsafion seule de la densite osseuse comme 
substitut des proprietes mecaniques des vertebres (resistance a la compression, rigidite). En 
fait, la densite minerale de l'os est une valeur integrale du confenant d'os et par consequent, 
elle ne peut pas refleter les effets potentiels importants de differences stracturales subfiles 
(Lochmuller, 2002) et des inhomogeneites densimefriques (Banse, 2001) sur la resistance des 
vertebres. L'orienfation et le modele du reseau trabeculaire varienf par confre dans chaque 
stmcture d'os. II semble qu'il y ait tm rapport entre la rigidite et le facteur de continuite de 
l'os spongieux (Carter, 1977; Ferguson, 2003). La diminution de la resistance vertebrale ne 
resulte pas seulement d'une diminution de densite osseuse, mais egalement du changement 
pro fond dans 1'architecture et du mecanisme de remodehsation resultant du cumul des 
dommages sous tm chargement cychque (Ferguson, 2003). Les proprietes mecaniques (Su, 
rigidite,..) des vertebres dependent non seulement de la masse d'os (densite osseuse) mais 
egalement de la continuite du reseau trabeculaire, qui change avec l'age (Silva, 1997, 
Mosekilde, 1993; Snyder, 1993; Goldstein, 1993 ; Ferguson, 2003). Des resultats cliniques 
(Parfitt., 1993) demonfrent qu'avec le vieilhssemenf, les osteocytes, cellules responsables a la 
reparation des microfissures et egalement les macrofissures du tissu osseux, meurent et le 
phenomene de micro-osteoporose, favorisant la fragilife de l'os, s'fristalle. De nombreuses 
recherches fentent d'inclure tous les paramefres significafifs, mais devant la complexite du 
probleme, peu de resultats probants en decoulent. Aussi, il est plus efficace d'efre limitatif 
dans la selection des paramefres afin d'apporter des resultats tangibles dans une approche pas 
a pas. 
Dans cet article, nous cherchons a etablir un modele empirique de prediction de la duree de 
vie de la partie anferieure de I'lmife vertebrale et a etudier l'effet de la densite osseuse, de 
l'age et de la confrainte appliquee sur la fatigue du rachis lombaire. Cette problematique est 
d'actualife et fouche des domaines aussi varies que la biomecanique, la physiologic et la 
sante publique. Cette recherche a pour but d'apporter quelques elements de reponse la ou des 
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questions subsisfent encore. Nous avons utihse l'age, la densite apparente de l'os et la 
confrainte appliquee dans la modehsation du phenomene de fatigue des vertebres lombaires. 
Nofre developpement est base sur l'analyse statistique des resultats pubhes dans I'etude de 
Brinclanaim, (1988) vu que c'est la seule etude experimenfale qui presente suffisamment 
d'essais et qui fient compte de l'age, de la densite et de la confrainte appliquee pour chaque 
test de fatigue. Brinckmann et al (1988), dans leur etude, n'ont pas essaye de modeliser une 
fonction analytique rehant le nombre de cycles avec le niveau de confrainte. Ceci est du a la 
faiblesse d'tm tel modele pour les faibles cycles de mpture en fatigue et a la variabihte des 
proprietes mecaniques et stmcturales des specimens testes. lis ont constate qu'a des charges 
de moins de 30% de la force de rapture en statique, la defaillance etait rare et ils ont plutot 
discute du fait qu'tm effort de 30% pourrait efre considere comme une limite d'endurance 
pour tme exposition in vivo. Cette recherche a ete liee principalement aux activites de levage 
et de manipulation. Les resultats des essais ont ete presentes en fonction du niveau de la 
confrainte appliquee et de la probabilite de mpture. 
Vu la grande dispersion des resultats observes par Brinckmann (tel qu'attendu dans ce type 
d'etude), nous avons pris Tinitiafive de regrouper ces donnees en classes (de la meme fa9on 
qu'on doit le faire dans les etudes de fiabilite lorsque les resultats comportent des evenements 
aleatoires, Thomas (2002)), afin de pouvoir les analyser statisfiquemenf. A partir des resultats 
classes, nous avons elabore un plan d'experiences factoriel base sur les variables 
independantes representees par la confrainte apphquee, la densite osseuse et l'age et en 
tenant compte d'une repetition. La repetition des tests permet d'etablir le facteur d'erreur du 
plan d'experiences. 
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2.2.2 Methodologie s 
2.2.2.1 Model e mathematique propose 
La plupart des modeles de fatigue proposes, tels celui de Lafferty (1979), sont bases sur le 
modele suivant: 
N = (S/Sui)" (2.1) 
Ou 
S : contrainte appliquee; 
Sui: confrainte ultimo de mpture; 
n : exposant dependant du materiau. 
N nombre de cycles avant qu'un dommage ne se manifeste. 
2.2.2.2 Model e non-lineaire 
La fatigue de l'os vertebral peut dependre en fait de plusieurs variables, tels le chargement, la 
densite osseuse, l'age, la frequence d'excitation vibratoire, le sexe, la posture et plusieurs 
autres facteurs. Pour simplifier I'etude, parmi ces variables, nous avons considere la 
contrainte appliquee, la densite osseuse, l'age et la frequence du chargement applique 
(J.F.Lafferty, 1979 ; Pope,1998; Bovenzi, 1998; Magnusson, 1998; Seidel,1998; Thomas, 
1999; Thomas, 2004). La methode des plans d'experiences exige I'independance enfre les 
facteurs etudies. La densite osseuse depend des facteurs suivants: sexe, tabagisme, 
alimentation et la race (ces facteurs sont confondus avec la densite osseuse), ce qui justifie le 
choix de la densite comme variable unique consideree. Les proprietes mecaniques 
(Resistance, rigidite,..) des vertebres dependent non seulement de la masse d'os (densite 
osseuse) mais egalement de la continuite du reseau frabeculaire, qui change avec l'age (Silva, 
1997, Mosekilde, 1993; Snyder, 1993; Goldstein, 1993 ; Ferguson, 2003). Des resultats 
chniques (Parfitt, 1993) demonfrent qu'avec le vieillissement, les osteocytes, cellules 
responsables de la reparation des microfissures et egalement des macrofissures du tissu 
osseux, meurent et le phenomene de micro-osteoporose, favorisant la fragilife de l'os. 
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s'installe. Aussi, on peut se demander si la dependance enfre age et densite est complete, ce 
qui justifie le choix a priori de l'age comme variable oufre la densite osseuse, l'age, agissant 
aussi sur le comportement en fatigue des vertebres. L'analyse des resuhats montrera s'il y a 
independance ou non. 
Si on suppose que toutes ces variables ayant une certaine independance sont mesurables et si 
la frequence de chargement est constante, la reponse (duree de vie N en nombre de cycles) 
du systeme peut efre exprimee comme : 
N = F(S,A,D) (2.2) 
Ou 
S: confrainte apphquee. 
D : densite osseuse. 
A : age du specimen. 
Dans cette etude, on propose tm modele original non lineaire de prediction sous la forme 
suivante : 
N = C.S*"\D"IA"^ (2.3) 
ou 
S*: confrainte appliquee normahsee par rapport a la confrainte ultime moyerme telle 
que determinee par Brinckmann et al (1988). 
• D : densite osseuse (mg/ml). 
• A : age du specimen (annees). 
• C : constante a determiner d'apres I'etude statistique des resultats experimenfaux; 
• ni, n2, n3 : exposants a determiner d'apres I'etude statistique des resultats 
experimenfaux. 
2.2.2.3 Formulatio n lineaire 
L'equation (2.3) peut efre ecrife sous la forme lineaire suivante : 
Ln (N) = Ln (C) + ni Ln (S*)+ n2 Ln (D)+ n3Ln(A) (2.4) 
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L'equation (2.4) peut efre mise sous la forme : 
Y=Y - e =bo + bi Xi + b2 X2 +b3 X3 (2.5) 
A 
Oil Y est la reponse theorique estimee (en echelle logarithmique). 
Y : logarithme de la duree de vie N mesuree, 
X], X2, X3 sont les transformations logarithmiques de la confrainte normalisee, de la 
densite etde Page, 
bo, bi, b2, bs sont estimes par la methode des moindres carres et G est I'erreur 
experimenfale, 
L'equation (2.5) peut egalement efre fransformee en un modele polynomiale de second ordre 
selon : 
Y = Y - e = b o + b, Xi+b2X2+b3X3 + bi, Xi^ +b22 X2^ +b33 X3^+b,2 Xi X2 +b,3Xi 
X3 + b23 X2 X3 (2.6) 
ou : 
Y est la reponse theorique estimee (en echelle logarithmique). 
Les bij sont estimes par la methode des moindres carres selon la formule suivante : 
bij=(X'^X)'' X'^ Y (2.7) 
oil 
• X est la matrice de calcul, 
• X^ transposee de X, 
• X^X matrice de variance, 
T 1 
• (X X)" matrice de covariance et 
• Y est la reponse mesuree : Ln(N). 
2.2.2.4 Pla n d'experience s 
En se basant sur I'etude de Brinckmann et al. (1988) effectuee sur 69 segments vertebraux 
exposes a une confrainte de compression cyclique (contrainte dynamique de forme 
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ttiangulaire) avec une frequence de 0.25Hz, on a conduit un plan d'experiences afin de bien 
modeliser le phenomene. La contrainte apphquee S* dans cette etude varie de 10 a 80% de 
la confrauife ultime. Pour realiser un plan d'experience complet, nous avons regroupe les 
resuhats en classes (Tableau 2.1). 






































































































































































































Ces variables font apparaitre : 
• Quafre niveaux de contrainte S''' : 
o une valeur de 20%) est estimee lorsque la contrainte varie de 10 a 30%), 
o 40%) pour tme contrainte variant de 30 a 50%), 
o 60%) pour une confrainte qui varie de 50 a 70%) et de 
o 80%) pour une confrainte superieure a 70%o. 
• Trois niveaux de densite osseuse D des vertebres (mg/ml), soit: 
o 80mg/ml si la densite est inferieure a 100 mg /ml, 
o 120mg/ml pour une densite qui varie de 100 a 140 mg/ml et 
o 160mg/ml pour tme densite superieure a 140mg/ml. 
• Deux niveaux d'age A soit: 
o 25 si l'age est inferieur a 50 ans et 
o 75 si l'age du specimen est superieur a 50 ans. 
Le codage est utilise pour fins d'analyse statistique des effets des interactions entre les 
differents facteurs de differentes unites. Le codage ameliore ainsi la precision des calculs et 
permet de comparer tm facteur par rapport aux autres sans l'influence de leurs grandeurs. 
Ceci est inferessant poiur determiner I'importance relative de chaque facteur et le sens de sa 
contribution (+ ou -). 







Xi: Variable codee. 
X : Variable naturelle (confrainte appliquee, densite ef age du specimen). 
Xmin: Variable naturelle a sa valeur minimale. 
Xmax : Variable naturelle a sa valeur maximale. 
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Xi = 1.4427 Ln(S*)-5.3219 
X2 = 2.8854 Ln(D)-13.644 
X3 = 1.8204 Ln(A)-6.86 
2.2.2.5 Analys e de variance (ANOVA) 
L'analyse de variance (Anova) permet d'etudier les effets principaux des variables 
independantes ainsi que leurs interactions afin de connaitre leurs effets combines sur la 
variable dependante. En fonction des variables significatives et de leurs interactions, une 
analyse de regression multiple sur l'equation linearisee (2.6) va permetfre d'etablir un modele 
empirique presentant un coefficient de determination R .^ 
2.2.2.6 Validatio n du modele 
Pour qu'un modele empirique soit valide, il doit respecter les exigences suivantes (Gerald, 
1989): 
Independances des residus : En fra9ant les residus en fonction de I'ordre des essais, 
nous devrions refrouver im profil entierement aleatoire ; 
Homogeneite des variances : II faut s'assurer que les residus possedent une variance 
homogene. Cette verification se fait par I'enfremise des graphiques des residus en 
fonction des valeurs predites et des residus en fonction de chaque facteur significatif 
En fait, si le modele est adequat et que les hypotheses sont satisfaites, alors les 
graphes des residus ne devraient presenter aucune tendance particuliere; 
Normalite des residus : la verification de la normalite des residus consiste a 
positionner les residus sur un graphique probabilite - Normale. Si la distribution des 
residus est normale, alors le graphique devraif rassembler a une ligne droife (I'examen 
du graphique devraif surtout metfre I'emphase sur les points cenfraux plutot que sur 
les points extremes). 
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Le logiciel Statgraphics V5.1  a ete utilise pour faire l'analyse statistique et reahser l'analyse 
de variance (methode ANOVA). 
2.3 Analys e des resultats 
2.3.1 Analys e de variance 
Les resultats de l'analyse de variance, compiles au tableau 2.2, monfrent que toutes les 
variables et les interactions d'ordre 2 impliquant la contrainte appliquee (confrainte - densite 
et confrainte - age) ont un effet significatif sur la variable dependante (P -value est tres 
faible moins que 0.05), soit la duree de vie N (en nombre de cycles) avec une probabihte de 
95%) (P<0.05). L'analyse de I'interaction triple n'a monfre aucun effet significatif 
Tableau 2.2 Analyse de variance d'ordre 2 des variables independantes 
Source 
S*:Confrainfe%(Xi) 
D: Densite (X2) 
A: Age :(X3) 
S*D: (X1X2) 














































Les figures 2.1 ef 2.2 monfrent les interactions significatives d'ordre 2 enfre confrainte-
densite et enfre confrainte - age. 
54 
Figure 2.1 Effe t de la densite (D) et de la contrainte (S*) 
sur le nombre de cycles. 
L'analyse des interactions montre que le nombre de cycles en fatigue avant mpture diminue, 
tel qu'attendu, lorsque la contrainte appliquee S* est plus forte. Get effet est d'aufant plus 
significatif que la densite osseuse D est faible et que l'age A est eleve. On constate que pour 
une contrainte S* faible, de I'ordre de 20% de la confrainte ultime des vertebres, les facteurs 
age A et densite D ont un effet negligeable (effet non significatif) sur la duree de vie N du 
rachis lombaire. 
Figure 2.2 Effe t de I'age(A) et de la contrainte(S*) sur le nombre de cycles. 
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L'inferaction enfre age A - densite D est beaucoup moins significafive (P = 0.02). Ceci est 
montre par la figure 2.3, oia Ton voif deux segments presque paralleles. Ce resultat mitige 
justifie le doute que Ton avait a priori sur I'independance de ces deux facteurs. 
Figure 2.3 Effe t de la densite (D) et de l'age (A) sur le nombre de cycles. 
2.3.2 Developpemen t d'un modele non lineaire 
L'analyse de regression multiple sur les variables independantes linearisees (Tableau 2.3) 
montre que les variables independantes de densite osseuses et d'ages interagissent avec la 
confrainte appliquee sur la duree de vie du rachis et permet de calculer les coefficients du 
modele. 
En ne considerant que les effets significafifs, I'equation (2.6) devient: 
Y = bo + bi Xi + b2 X2 +b3 X3 + bn Xf + bi2 Xi X2+ bn Xi X3 (2.9) 
Les coefficients de regressions bij sont determines par le logiciel statgraphique 5.1 (Table 
2.3), l'equation (2.10) se formule comme : 
Y = 7.998-1.375X1+0.594X2-0.456X3-0.904X1^ +0.75X1X2-0.516X1X3 (2.10) 
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A: Age (X3) 




































L'equation theorique predit la duree de vie N. Celle-ci devient, d'apres l'equation (2.3): 
N = 7 2 5 1 0 8 S*^'-881Ln(S*)+2.23) j-j (3.123Ln(S*)-9.81) A (-1.354Ln(S*) +4.165) (2.11) 
L'analyse de variance de ce modele (Table 2.4) monfre que celui-ci est significatif avec un 
coefficient de determination de 94%). 
L'equation (2.11) est valide pour des variations des variables independantes variant enfre : 
20 < S* < 80% (S* =100*(S/Su); S : confrainte apphquee : Su confrainte ultime) 
25 < A < 75 ans 
80 < D < 160 mg/ml 
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R^ = 95% 
•y 
R (ajuste aux degres de liberte) = 94 % 
Ecart type de resfime= 0.4 
2.4 Validatio n du modele 
Les resultats ont monfre une repartition aleatofre des residus en fonction de I'ordre des essais 
(figure 2.4-a), ce qui verifie I'hypofhese d'independance des residus. On a observe aussi une 
variance homogene des residus en fonction des valeurs predites (figure 2.4-b) et de chaque 
facteur significatif (contrainte (S*) (figure 2.4-c), densite (D) ef age (A)). Finalement, pour 
que nofre modele empirique soit valide, I'hypofhese de normalite des residus est verifiee 
(figure 2.4-d). 
2.5 Discussio n 
Le modele que nous avons developpe a ete compare aux resultats publics par Hansson et al 
(1987) qui a observe 17 segments lombaires pour huit categories d'age variant enfre 37 et 82 
ans, sous un chargement axial en compression cyclique a 0.5Hz. 
L'amplitude du chargement applique variait de 60%o a 100%o de la resistance ultime estimee 
en considerant la teneur minerale de l'os vertebral (bone mineral confenant). Les essais de 
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Hansson ont ete realises a temperature ambiante. La mpture s'est produite entre 1 ef 1000 
cycles, 1000 est le nombre maximal de cycles appliques dans cette experience. Ces resultats 
sont representes dans la courbe de fatigue S-N de la figure 2.5. 
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Figure 2.4 Etud e des residus : (a) Independances des residus; (b et c) 
Homogeneite des variances ; (d ) Normalite des residus. 
Figure 2.5 Courb e de fatigue. Tiree de Hansson et al (1987) 
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Les resultats de Hansson (1987), indiquent qu'il y aura rupture des vertebres au 
bout de 1000 cycles si la confrainte S* est de I'ordre de 60% lorsque la densite est faible et 
les specimens sont ages. Or les resultats que nous avons obtenus concordent avec ceux de 
Hansson (1987). Pour une confrainte superieure a 60% le nombre de cycles predit par nofre 
modele resfe inferieur a 2000 cycles et meme inferieur a 1000 cycles pour des specimens 
ages (figure 2.6). 
D'apres les donnees experimentales publiees par Brinckmann (1988), on trouve un 
coefficient de correlation de 25 % en considerant seulement la confrainte appliquee. En 
faisant le calcul du nombre de cycles N a partir de nofre modele statistique non lineaire ef en 
comparant avec les donnees experimentales, non classes, publiees par Brinckmann (1988), 
nous avons observe tme correlation 68%.  Vu que ces donnees experimentales comportaient 
de nombreux paramefres aleatoires (ou non consideres) et que celles-ci avaient ete obtenues 
avec des specimens dont plusieurs provenaient de personnes alitees avant letor deces, nous 
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Figure 2.6 Exempl e de courbe S* - N  : tracee a partir du modele 
empirique pou r une densite D=110mg/m l (seuil de fracture clinique). 
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Cette etude permet d'analyser des resuhats de fatigue, malgre leur aspect aleatoire dans le cas 
des OS, cependant elle resfe limitee pour le nombre faible de cycles de vie (aspect 
ohgocyclique), vu que le nombre de cycle maximal atteint dans les tests de fatigue analyses 
dans cette etude est de I'ordre de 5000 cycles, avec des charges relafivement importantes. Ce 
n'est done qu'une faible partie de la courbe de fatigue confrainte-cycles qui a ete consideree. 
II sera inferessant dans une etude ulterieure de completer cette etude en traitant des resultats 
ayant considere un nombre de cycles de chargement beaucoup plus grand sous l'effet de tres 
faibles charges. 
Le modele de prediction de la duree de vie pourra efre ameliore, dans une etude ulterieure, en 
tenant compte d'aufres facteurs, tels la frequence des vibrations mecaniques, etant donne que 
les caracteristiques statiques (Rigidite, Resistance) et dynamiques (materiaux viscoelastique) 
dependent aussi de la frequence de chargement (J.F.Lafferty, 1979 Pope,1998; Bovenzi, 1998; 
Magnusson, 1998; Seidel,1998; Thomas, 1999; Thomas, 2004). 
2.6 Conclusion 
L'application de la methode des plans d'experiences permet d'analyser statisfiquemenf des 
resultats ayant tme grande variabilite, tels la fatigue des os, vu que les proprietes de l'os 
changent d'un individu a un aufre (age, densite). Parmi les paramefres qui confrolent cette 
inhomogeneite, nous avons considere la densite osseuse et l'age du specimen. Dans nofre 
etude, d'aufres facteurs tels que le sexe, la race, le tabagisme, les maladies osseuses (le 
cancer et I'osteoporose) sont confondus dans la densite osseuse. L'analyse a monfre que les 
paramefres age et densite ont un effet antagoniste sur la fatigue des vertebres. Cet effet est 
significatif si la confrainte appliquee depasse 20 % la confrainte ultime des vertebres. 
Par cette analyse, nous montrons que la fatigue des vertebres peut eti'e modelisee si on 
considere outre la confrainte appliquee, les paramefres de Page ef de la densite osseuse (R2 
eleve). On constate que le modele non lineaire considerant les interactions enfre les variables 
independantes permet d'ameliorer la prediction par rapport a un modele qui ne tiendrait 
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compte que de la confrainte appliquee. Pour ameliorer le modele de prediction, il est suggere 
augmenter les niveaux de contrainte appliquee et d'age (soit 5 niveaux de contrainte et 3 
niveaux d'age). 
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CHAPITRE 3 
EVALUATION OF LUMBAR VERTEBRA INJURY RISK TO THE 
SEATED HUMAN BODY WHEN EXPOSED TO VERTICAL VIBRATION 
3.1 Presentatio n 
Cet article a ete publie dans Joumal of Sound and Vibration (JSV): 
Ayari H , Thomas M., Dore S. and Serru s O. , 2009. Evaluation of lumbar vertebra injury 
risk to the seated human body when exposed to vertical vibration, Joumal of Sound and 
Vibration, 321, pp. 454-470. 
Dans le deuxieme chapifre (article 1), nous avons fraite de la fatigue ohgocyclique 
des vertebres du rachis lombaire (charge elevee versus faible nombre de cycle) et ceci en se 
basant sur des resultats de tests experimenfaux cites dans la litterature. Bien que le modele de 
prediction de la duree de vie developpe dans cet article (1) n'aif pas ete utilise par la suite, ce 
fravail nous a aussi aide a identifier quelques paramefres (vibratoires, individuels et 
mecaniques) ayant une influence significafive sur le comportement de fatigue. Ces 
parametres seronf utilises dans l'analyse des vertebres exposees aux vibrafions de basse ef 
moyenne amphtude. De plus, il a ete efabli qu'une Ifrnife de 30%) de la limite elastique 
pouvait efre consideree comme une hmite raisonnable en resistance a la fatigue mecanique. 
Plusieurs modeles par elements finis figes ont ete developpes afin d'etudier le 
comportement dynamique du rachis lombaire ef de la colonne totale. Cependant, peu 
d'etudes fraitant de la distribution de I'etaf de confraintes ef de fesfimation des risques 
encoums par un conducteur expose a long terme aux vibrations mecaniques ont ete publics. 
Pour tenir compte de la grande variabilite du corps humain, tm modele parametrique 
d'elements finis des vertebres du rachis lombaire est utihse. Dans cette partie (article 2), nous 
presentons un modele defaille du rachis lombaire par elements finis, base sur une geometric 
parametree des vertebres ef des disques lombaires dans le but d'evaluer les paramefres 
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dynamiques ef les confraintes mecaniques provenant des vibrations mecaniques. De plus, un 
modele global de la colonne vertebrale a ete genere pour simuler et evaluer les modes et les 
frequences propres de la colonne. Ainsi l'objectif de cette etiide est double; il s'agit dans un 
premier temps de predire, au moyen d'tm modele geomefrique paramefre du rachis lombaire, 
les paramefres biomecaniques de ce dernier et de la colonne vertebrale entiere. De plus, cette 
etude a pour but de combler le manque d'information sur la distribution de I'etat de 
confrainte ef de deformation sur les vertebres du rachis lombafre expose aux vibrations 
verticales (cas des conducteurs). La connaissance des etats de confraintes ef de deformation 
au niveau des vertebres est un outil important dans le diagnostic des lombalgies d'origine 
mecaniques ef dans I'identificafion des sites propices aux dommages. Dans cet article, on 
presente done un modele preltminaire permettant de predfre le risque de dommage (FRD) 
dependant de l'acceleration des vibrafions ef de l'age des conducteurs. La validation du 
modele est basee sur la comparaison de nos resultats avec les resultats numeriques et 
experimentaux cites dans la litterature. 
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3.2 Articl e 2 
EVALUATION OF LUMBAR VERTEBRA INJURY RISK TO THE 
SEATED HUMAN BODY WHEN EXPOSED TO VERTICAL VIBRATION 
Ayari H \ , Thomas M\, Dore S\, SermsO. ^ 
^^ E^cole de Technologie Superieure, 1100 Notre-Dame Ouest, 
Montreal, Quebec, Canada H3C 1K3 
^^^ Ecole Nationale Superieure de Mecanique et des Microtechniques, 
26, Chemin de I'Epitaphe 25030 Besanfon Cedex, France 
Resume 
L'objectif de cette recherche est de comprendre le comportement dynamique du rachis 
lombaire expose aux vibrations continues ef a etudier les effets des paramefres vibratoires 
(frequence, acceleration) sur la sante des conducteurs professionnels. Le modele d'elements 
finis (EF) est base sur une geometric parametrique des vertebres lombaires. La 
parametrisafion du modele EF a permis d'analyser l'effet de I'ossature et de la posture sur le 
comportement mecanique des vertebres exposees aux vibrations verticales. Le modele 
dynamique d'elements finis parametrique du rachis lombaire a ete valide par comparaison 
avec des resultats publies dans la htterafure concemant le calcul des frequences propres, de la 
fransmissibihte ef des forces. L'analyse revele que les vibrations verticales fransmises du 
siege au rachis exposent l'os spongieux ef le cartilage des vertebres a un risque de fracture 
par fatigue eleve. Un nouveau modele de prediction du risque de dommage (FRD) pour une 
personne infermediaire (ossature infermediaire ef posture intermediaire) a ete developpe dans 
ce fravail. II a ete demonfre que le risque de dommage augmente avec l'age. En consequence, 
l'acceleration doit efre confrolee a des niveaux bas, si nous voulons eviter tout risque de 
dommage ef ceci, pour n'importe quel age. 
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Abstract 
The objective of this research is to numerically determine the levels of vibration not to 
exceed accordingly to the corresponding dynamic stresses in the lumbar rachis when exposed 
to whole-body vibration in order to identify the risk of adverse health effect to which 
professional heavy equipment drivers are particularly prone. A parametric finite elements 
model of th e lumbar rachis is generated in order to compute the modal parameters, the 
dynamic sfresses and forces under harmonic excitations in a seated posture. The stress 
analysis reveals that the areas exposed to the highest fracture risk are the cancellous bone of 
the vertebral body as well as the vertebral endplate when vertical vibrafions are fransmitted 
from a seat to the lumbar spine of a driver. An Injury Risk Factor has been developed in 
order to estimate the risk of adverse heahh effect arising from mechanical vibrafions. It is 
shown that the Injury Risk Factor increases with the age and consequently that the excitation 
amphtude must be limited to lower levels when age increases. 
Keywords: Adverse health effect. Whole-body vibrafion. Spinal loading. Finite element 
analysis. Modal analysis. Ageing. 
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3.2.1 Introductio n 
Current literature reports evidence of the adverse health effects of whole-body vibration on 
the spinal system [1,2] and cites the many epidemiological studies conducted to establish a 
link between exposure to upper body vibration and lower back pain. Over the past 15 years, a 
number of pubhshed bibhographical reviews show higher occurrence of such disorders 
among populations exposed to dynamic loading, such as heavy equipment drivers, than 
among the general population [3]. However, the available epidemiological data are generally 
insufficient to establish a dose-effect relationship between exposure to whole-body vibration 
and the risk of lumbar disorders [4 - 7]. It is assumed that whole-body vibrafion induces 
dynamic sfresses, mainly compressive, in the spine, producing microfractures in the 
endplates and vertebral body. The long-term exposure of the human body to vibrafion may 
lead to mechanical fatigue [8, 9] and lower back problems due to microfractures in the bones 
(cortical and spongeous) and endplates, and to microlesions in the intervertebral discs [10]. 
Various experimental studies aimed at evaluating fatigue behaviour in the human body under 
cyclic loading have shown that mechanical compressive dynamic sfresses, principally in the 
lumbar spine, are sufficient to cause microfractures in the cancellous bone, which could lead 
to lower back pain [11 - 14]. Microfractures of individual frabeculae are commonly seen in 
human vertebrae [15]. Intracancellous micro-damage also exists in vivo [16]. The fracture 
mechanism appears to be classic: microfractures observed in the vertebrae contribute to a 
reduction in vertebral mpture resistance [17]. The damage mechanism caused by fatigue in 
the cortical and cancellous bone can initiate and propagate cracks. Many in-vivo 
experimental studies were undertaken to investigate human body response when exposed to 
mechanical vibrafion, including quantification of the resonant frequencies, vibration 
transmissibility, impedance, elecfromyography activity, spinal creep, and prediction of local 
forces and moments acting on the human spine. The in-vivo natural frequency of the whole 
spine was meastired in the 4-8 Hz range in the vertical direction for both standing and seated 
postures [18 - 22]. Subjective experiments have revealed humans to be more sensitive to 
vibration in this frequency range, based on comfort, fatigue and safety criteria [23]. To 
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quantify the role of upper body vibration in stmctural changes and fatigue fractures to the 
spine entails an evaluation of the strains and stresses placed on spinal components. However, 
this is difficult or even impractical through experimental protocols or lumped parameter 
models. The finite element method may thus provide a better means for investigating sfress 
analysis, by integration all of the anisotropic, inhomogeneous, and complex geometry of 
vertebrae. Several finite element models proposed in the literature examine the dynamic 
behaviour of the rachis and the entire spine. Kasra, Shirazi and Drouin [24] experimentally 
and numerically identify a natural frequency of 26 Hz based on one lumbar spine segment 
study, while Goel, Monroe, Gilbertson and Brinckmann [25] report, through their finite 
element model, a resonant frequency of 17.8 Hz, based on two lumbar spine segment studies 
(L4-S1). Izambert, Mitton, Thourot, and Lavaste [26] identified an anterior-posterior 
resonant frequency of 8.3 Hz based on in-vitro testing of various motion segments of the 
lumbar spine and an average damping rate of nearly 10%o. Kong and Goel [27] propose a 
finite element model of the upper body from the head to the sacrum (H-Sl), consisting of a 
detailed representation of the lombosacral spine and a rough beam-type model of the thorax 
and cervical spine. Their results indicate a natural frequency of the global model (H-Sl) at 
8.32 Hz with the inclusion of the tmnk muscles that reduces to 6.82 Hz when considering a 
preload of self-weight. These models are aimed at global predictions of the impedance and 
fransmissibility due to dynamic loads fransmitted from a vibrating seat to the human body 
[2]. Furthermore, numerical and experimental (in vifro or in vivo) tests have been carried out 
to predict the local forces and moments acting on the human spine. Kitazaki and Griffin [28] 
developed a two-dimensional finite element model of the human body in order to study 
whole-body vibrafion. Beams, springs and mass elements were used in modelling the spine, 
viscera, head, pelvis and buttock tissue in the midsagittal plane. The model was validated by 
comparing the vibration mode shapes of the model with those measured in the laboratory. 
Buck and Woelfel [29] developed a dynamic 3-D finite element model with a detailed 
representation of the lumbar spine and back muscles, comprising non-linear ligament models, 
a non-linear contact model in the articular facets, and dynamic properties of the passive and 
of active muscle tissue. The complete model of a sitting human was built by adding relatively 
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simple dynamic models of the upper tmnk with arms, a neck, a head, a pelvis and legs, using 
rigid bodies. Fritz [30] presents a human model—also made up of rigid bodies—for 
predicting the forces in the lumbar spine and neck. Pankoke, Hofinann and Woelfel [31] 
presented a simphfied, linearized version of the model developed by Buck and Woelfel [29]. 
Verver, Van Hoof, Oomens, Wouw and Wismans [32] present a multi-body htiman model 
consisting of a set of rigid bodies connected by kinematic joints, with the outer surface 
presented as a triangulated surface. In this model, all spinal and cervical vertebrae are 
represented by rigid bodies interconnected by 3-D spring-damper combinations enabling a 
detailed analysis of the local loading occurring in the spine. The model allows the 
compression, tension and shearing forces to be predicted at different levels along the entire 
spine. These studies [28 - 32] provide useflil information concerning the dynamic behaviour 
of the lumbar segments. They were aimed at computing the forces actfrig on the rachis 
without considering sfress/sfrain distribution in the lumbar vertebrae for predicting the most 
critical zones at risk. Few numerical studies have established a relationship between dynamic 
sfresses and seat acceleration [33]. By applying an analytical method, Thomas, Lakis and 
Sassi [9] studied the long-term adverse health effects for drivers exposed to harmonic and 
random vibrations. However a more sophisticated numerical model is required to refine 
these results. On the other hand, the experimental study developed by Seidel, Bluthner and 
Hinz [13] allowed the relationship between the forces and seat acceleration to be assessed by 
considering posture, body type and body mass. Furthermore, most of these numerical models 
use fixed parameters and are not designed to easily observe the effect of inferindividual 
variations (posfttre, body type and body mass). It would appear that a finite element 
parametric model [34] is more suited to studying the various effects concerning anatomy or 
posture. 
This paper aims to study the dynamic behaviour and estimate the sfress distribution in the 
lumbar vertebrae when exposed to low-amplitude mechanical vibrafions, and, in so doing, 
help validate the assumption that whole-body vibration can induce microfractures in the bony 
elements of the spine, which, in turn, can lead to adverse health effects [11 - 14]. The 
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investigated populations are professional drivers. The study has two specific objectives. 
Firstly, it is aimed at validating the dynamic behaviour of a parametric finite element model 
whose geometry is based on the parametric model proposed by Lavaste et al [34] and that 
was applied to static analysis. Validation is conducted by comparing natural frequencies and 
vibrafion fransmissibility to the related numerical and experimental results in the literature. 
Secondly, a new predictive relationship between the mechanical stresses in the vertebrae and 
seat acceleration is established in order to estimate the risk of damage. Sfress distribution in 
the vertebrae of the lumbar rachis is computed for an average body type driver in a seated 
position and exposed to vertical vibration. Driver age and the corresponding osseous density 
are considered in order to determine the limits of seat acceleration. 
3.2.2 Method s 
3.2.2.1 Finit e element models 
Three models have been developed: one considers a single motion segment (L4/L5); one 
considers the lumbar region of the spine (L1/L5), composed of four motion segments; and 
one considers the thoracic and lumbar regions of the spine (T1/L5), composed of 16 motion 
segments. A finite element model of the lumbar spine (L1-L5) was generated in using CAD 
software. The parametric equations describing the shape of a vertebra and an intervertebral 
disc as established by Lavaste, Skalli and Robin [34] were considered, and the morphometrie 
dimensions as measured on various vertebral bodies by Berry, Moran and Berg [35] were 
applied. Fig. 3.1 illustrates the main parameters of lumbar vertebrae. 
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Figure 3.1 Parameter s of lumbar vertebrae. 
The main advantage of using a paramefric model is the facility with which different human 
morphologies can be studied. A paramefric dynamic model presents the advantage of 
simulating any condition of seated posture as well as the effect of inferindividual geomefrical 
variations. The paramefric model allows for studying the effect of the sitting posture, bone 
structure and body mass on the mechanical behaviour of a spine exposed to whole-body 
vibrafion. The present study shows the results for an intermediary body type corresponding to 
an average size weighing 75 kg and seated in a normal posture (lumbar curve of 0=15°). The 
sensitivity of parameters being the object of other studies, the morphologic parameter has not 
been changed in this paper. However, the density and damping rate were varied. Fig. 3.2 
illusfrafes curves of the lumbar spine. 
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Figure 3.2 Curve s of the lumbar spine. The angle 9 illustrates the lumbar curve 
in sitting position: lordosi s posture 6 > 25°; flexed posture, 9 <5°; Intermediate 
posture 9 ~15°. 
Each model of the lumbar spine is composed of 33 bodies (annulus, nucleus, endplate, 
cortical shell and spongy bone); 54 contact zones are defined between the bodies. The 
volumes of each part of the model were meshed separately with their meshing parameters. 
Owing to the geomefrical complexity of the spine, the finite element mesh had to be fairly 
fine. The cortical shell, posterior elements, cancellous bone and endplates were meshed using 
3D 10-node fefrahedral elements (Ansys software: Solid 187). This type of element was 
selected because it facilitates the interpolation of external geometry. The nonhomogeneous 
structure of the intervertebral disc was taken into account; as is done in other finite element 
models [25, 24], the annulus fibrosus was modelled as a composite material. The behavior of 
the nucleus pulposus is modelled using volumic elements with a Poisson coefficient of 0.499 
representing a quasi -isovolumic behavior. The contacts were modelled with contact 
elements (Target 170 with 8-node, and Conta 174 with 8-node). In vivo, relative motion 
between posterior elements was assured by articular cartilage. In the model, a very low 
friction coefficient was applied to model the relative motion of cartilaginous sfmctures. 
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A frictionless contact element was chosen to model the connection between the posterior 
elements. Low-rigidity springs were added to the contact element model to ensure continuity. 
While the thickness varies from minimal in the cenfral region to maximum at the ends, the 
endplate was modeled by considering a very thin layer (0.5mm thick). Thus if inherently 
provides little additional sfrength. Furthermore, it may serve to disfribute the load more 
evenly over the vertebral bone, while preventing the migration of softer nucleus material into 
the pores in the vertebral endplate. The aspect of bone remodelling, while very important in 
fatigue concept, has not been considered in this study which is aimed at developing a criteria 
based on an instantaneous Injury Risk Factor (IRF). The IRF contains the information on 
ultimate sfress and consequently on ageing by varying density and damping. The total 
number of lumbar spine elements and nodes is approximately 36,500 and 83,808, 
respectively. The meshing of the Itunbar spine and frictionless contact between apophyses is 
shown in Fig. 3.3. 
Figure 3.3 F E models a) Lumbar spine b) contact between posterior elements. 
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Once the rachis model has been generated, dynamic analyses may be carried out on the 
numerical model. In order to validate our parametric finite element model and conduct a 
harmonic analysis, modal and harmonic analysis were performed on one motion segment 
(L4/L5), on the rachis (L1/L5), and on the partial spine (T1/L5). Lastly, the dynamic 
stress/sfraui distribution on the rachis was computed. To compute the natural frequency of 
the entire spine, an approximated model of the partial spine (T1-L5) was generated. The 
thoracic (T1-T12) stmcture was generated using the parametric model of LI. Curve angles 
were infroduced for a sitting posture based on the values of the lumbar lordosis (angle 0=15°: 
average posture) and of the dorsal kyphosis [36]. Different equivalent masses representing 
the upper part of the body were applied to each model. The mechanical properties of the 
various elements (cortical shell, cancellous bone, posterior elements and cartilaginous 
endplates) forming the vertebral body were deduced from the literature [24, 25, 27, 34]. The 
static properties are provided in Table 3.1. 
































For the modal analysis of the lumbar rachis, the displacements of the lower face were 
blocked in all dfrections. A distributed mass of 40 kg modelling the upper body was appHed 
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to the upper face of the rachis: ~ 51% of the body weight [9, 24]. The lower face of L5 was 
fixed. Within the framework of harmonic analysis, the lower face was subjected to various 
vertical accelerations ranging from 0.63 ms'^  to 4 ms"^ . These acceleration amplitudes were 
chosen in the range that can be met in industry in order to represent a range from very low 
risk to high risk. These values are in accordance with the values defined in ISO 2631-1 [23] 
curves for describing the vertical acceleration exposure limits based on frequency and 
duration. In order to simulate the effects of mechanical shock [39] encountered on rough 
roads, the vibration response at resonance was also analysed by inputting very high levels of 
seat acceleration (10, 20 and 40 ms''^ ). The viscous damping rate depends on the degree of 
intervertebral disc degeneration (disc grade) and muscle activity [27]. Since the damping rate 
can vary between humans, transmissibility analysis was carried out using different viscous 
dampfrig rates (0.08, 0.1, 0.2 and 0.3). The sfress response curves were evaluated by 
considering a viscous dampfrig rate of 0.1 as determined from the experiments of Kasra et al 
[24] and Izambert et al [26]. 
3.2.3 Result s 
3.2.3.1 Moda l analysis 
Table 3.2 reports the first four natural frequency values representing the anterior-posterior 
(AP) mode, lateral mode, axial mode and torsional mode for the three models. 
The anterior-posterior (AP) resonant frequency computed for a single motion segment (L4-
L5) is around 6.5 Hz, while the axial frequency is about 27 Hz. The axial and AP frequencies 
correspond closely to the numerical tests presented by Kasra et al [24] and Li-Xin Guo and 
Ee-Chon Teo [40], carrying a distributed mass of 40 kg. Based on the data from a 
parameterized geometrical model and on the morphometrie data of the existing lumbar rachis 
(L1-L5) [34, 35], the natural frequencies of the AP and axial modes are aroimd 1.41 Hz and 
13.88 Hz, respectively. The first four mode shapes of the rachis, associated with their natural 
frequencies, are presented in Fig. 3.4. 
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These frequencies correspond closely to the numerical results obtained by Kong et al. [27] (2 
Hz for the anterior-posterior mode and 10.6 Hz for the axial mode) on a finite element model 
(LI-SI), as well as with those obtained by Li-Xin Guo et al [40] on finite element model (Ll-
L5) carrying a distributed mass of 40 kg (11.5Hz for the axial mode). A modal analysis was 
carried out on the partial spine (T1-L5). By generating a model of the partial spine, which 
respects the curvatures and connections between the articular facets of the vertebrae, the 
natural frequencies of the AP and axial modes (aroimd 0.28 Hz and 4.7 Hz, respectively) (fig. 
2.4) correspond to findings in the hterafure [9, 19, 21, 22]. These values also compare well 
with in-vivo measurements and subjective perceptions, which revealed a natural frequency of 
the vertical column between 4 and 8 Hz [18, 20, 23]. As expected, the modal analysis shows 
the natural frequencies in the AP and axial directions to decrease with a greater number of 
motion segments, and to increase when fewer motion segments are considered. For example, 
the vertical resonant frequency for one motion segment (e.g.: L4-L5) is approximately 27 Hz, 
whereas if is aroimd 13.88 Hz for the rachis and decreases to 4.7 Hz for the whole spine. The 
good correlation between the modal analysis results obtained from the parametric model and 
those obtained from experimental tests indicate that the developed model is representative of 
the reality. 
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Figure 3.4 Mode shapes of lumbar spine (L1/L5) and partial spine (T12/L5). 
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3.2.3.2 Vibratio n transmissibility of the rachis 
Vibration fransmissibility (Li/L5) is the ratio between the computed dynamic response with 
respect to the Li vertebral body (i =1,.., 5) and the dynamic input applied at the seat (L5). The 
vibrafion fransmissibility varies according to the viscous damping rate. The fransmissibility 
computed from L5 to LI (L1/L5) was studied for various damping ratios ranging from 0.08 
to 0.30 (Fig. 3.5). 
-B—^=0,08 ^=0,1 - e - ^ = 0 , 2 ^ ^ ? = 0 , 3 
Figure 3.5 Effec t of damping ratio on transmissibility ratio at the 
LI to L5 vertebrae. 
The maximum transmissibility ratio (L1/L5) computed from the rachis model reaches 5.4 for 
a damping ratio of 8%  and 1.7 for a dampfrig ratio of 30%). The fransmissibility values 
predicted by this study are also very close to the results obtained by Kong ef al [27] and 
Verver et al. [32]. For a damping ratio of 30%), Kong ef al [27] found a maximum 
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transmissibility of 1.3 at LI. Verver ef al [32], through their in-vivo measurements, 
determined a maximum transmissibility of around 2 at Tl, while Dupuis [18, 20], through 
experiments, yielded the same resufr at L3-L4. Indeed, Izambert ef al [26] measured a 
maximum fransmissibility of 5 on various in-vitro motion segments, whereas our model 
yields a transmissibility of about 4.4 for a damping coefficient of around 10%). The computed 
results thus appear very acceptable for damping ratios ranging from 8 to 30%. We noted that 
the transmissibility decreases from a vertebral level Li to a vertebral level Li+1. 
Fig. 3.6 shows the various transmissibility ratios computed for L1/L5, L2/L5 and L3/L5 for 




- ^ L l - • -L2-X-L3 
15 20 
Figure 3.6 Transmissibilit y at different vertebral bodies according 
to vertical vibration imposed at the bottom of L5 {(^=0.3). 
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The amplitude at 1.41 Hz, which corresponds to the anterior-posterior mode of the lumbar 
spine, is small, while the graph properly highlights the magnitude of vertical vibration 
transmitted from seat to human body, with a peak at 13.88 Hz. These computed results 
correlate well with the pubhshed data [2, 23] and help validate the model. 
3.2.3.3 Dynami c stress analysis of the spine 
The dynamic stresses have been computed in various components of the lumbar rachis for 
different acceleration levels, taking into consideration a viscous damping rate of 10%. This 
sfress study identifies the vertebrae most susceptible to damage when exposed to whole-body 
vibration and thus helps identify the critical components. The sfresses were obtained by 
vertically applying an acceleration level of 3.15 ms'^  to the seat at the natural frequency of 
13.88 Hz. This level of acceleration was chosen in order to compare the results with those 
from literature. The excitation frequency was chosen at the natural frequency of rachis in 
order to obtain the same behaviour as can be met in random or transient vibrations. As 
expected, the numerical results reveal that the compressive stresses applied to the rachis 
decrease when moving away from the fixed base. Sfress values close to the boundary 
conditions have been neglected because the sfress concentration was too localized and 
showed overestimated values. For an average body type seated in a normal posture (lumbar 
curve of 6=15°), the sfresses applied at L5 reach 0.48 MPa in the cancellous bone of the 
vertebral body, 6 MPa in the cortical shell, and an average of 0.42 MPa in the endplate of the 
L4-L5 interface. It is noted that the distribution of compressive sfresses in the cancellous 
bone appears homogeneous on all vertebrae (even for the endplate), whereas the state of 
sfress increases from LI (4 MPa) to L5, and reaches 6 MPa at the level of the cortical shell of 
L5. The vertebral cortical shell shows a higher sfress level than the central core of cancellous 
bone. However, this does not indicate a higher risk of fracture in the cortical shell, since the 
ultimate sfress of cortical bone is about 50 times greater than that of cancellous bone. 
Anterior-posterior sfress distribution also increased from LI to L5 and shows sfresses of up 
to 0.16 MPa at the level L3-L4 interface, and of up to 0.2 MPa at the level L4-L5 interface 
83 
when applying an acceleration level of 3.15ms'^  to the vertical resonance (13.88 Hz). The 
sfress response in the L5 cancellous bone was also computed for different seat acceleration 
amplitudes. Fig. 3.7 shows the sfress response on the cancellous bone of vertebra L5 for 
various accelerations ranging from 0.63 ms-2 to 4 ms'^. 
Frequency (Hz) 
-B—a=4ms-^  —9—a=3.7ms-^  —A—a=3.15ms-^  —x—a= 2,7ms-^  x a=2ms-^  
-^a=1.6ms-^ a=1.25ms-^  —<^ —a=0.8ms-^  —i—a=0.63ms-^  
Figure 3.7 Stresse s at the L5 cancellous bone with frequency 
for different acceleration amplitudes. 
Fig. 3.7 shows that the stress can reach a value of 0.62 MPa when applying an acceleration of 
4 ms-2 and 0.48 MPa for an acceleration of 3.15 ms' applied at its vertical natural frequency. 
When applying very high acceleration amplitudes such as 10, 20 and 40 ms'^  to investigate 
shock response, it was observed that the stresses can reach severe stress levels of 1.6, 3 and 
6.3 MPa respectively in the L5 cancellous bone. 
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3.2.3.4 Forc e analysis of the spine 
Compressive and tangential forces have been computed at the L3-L4 motion segment level, 
chosen to allow us to compare our results with those found in the literature. For an 
acceleration of 3.15 ms"'^ , the maximum stresses observed for an average body type on the 
cortical bone (L5), posterior arch, cancellous bone and cartilaginous endplates are 
respectively about 6 MPa, 0.8 MPa and 0.48 MPa, with an average of 0.42 MPa when excited 
at a natural frequency of 13.9 Hz. While the static force is computed at 400 N for an average 
body type, the dynamic maximum compressive force computed at L3-L4 with a damping rate 
of 10%) is computed at 630 N at the vertical resonance frequency by applying acceleration 
amphtude of 3.15 ms-2. The dynamic compressive force was estimated using the average 
compressive sfress on the L3-L4 endplate level (ac = 0.42 MPa), multiplied by the area of the 
endplate (S = 1500 mm2). The maximal compressive force, combining static and dynamic 
efforts (Fcstat -i- Fcdyn) and acting at L3-L4 segment is 1030 N. The maximum AP force was 
evaluated at 240 N (shear sfress multiplied by endplate surface S). These forces can be 
estimated for various acceleration amplitudes applied to the seat. In the literature, few articles 
appear to deal with the dynamic forces applied to the lumbar spine. Through experiment, 
Fritz [30] determined a maximum load at level L3-L4 of 634 N for an acceleration of about 
4.9 ms" . Verver ef al [32] estimated the compressive and tangential loads on the whole spme 
(from interface L5-S1 to interface C1-C2). At resonance, the compressive load on level L3-
•y 
L4, for an acceleration of 3.9 ms", ranged from 581 N to 852 N according to type of seat. 
Hinz, Bluefhner, Menzel, and Seidel [41] developed a biomechanical model for determining 
the compressive load at level L3-L4 by using an effective human body mass on L3-L4 and a 
relative acceleration of 2.9 ms-2. The maximum load was estimated at 657 N (Table 2.3). 
Through an analytical model, Thomas et al [9] estimate a compressive force about 980 N for 
seat acceleration greater than 3.15 ms-2. Table 3.3 shows that the forces revealed by this 
study are higher than those in related literature; this is due to the fact that the excitation was 
applied at the natural frequency of the system. 
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3.2.4 Injur y Risk Factor 
A new damage index has been developed for predicting the risk of exceeding a certain 
percentage of the material's ultimate sfress capacity and consequently developing 
microfractures. This damage index is called the injury risk factor (IRF). The ERF has been 
defined as the ratio between the computed total sfress (odyn + Ostat) and the ultimate sfress (au) 
for each type of bone: 
/i^(%) = 100 <^s,a, + ^dyn (3.1) 
The ultimate sfresses or forces were exfracted from the literature for healthy persons. Table 
3.4 presents the IRF computed at the various components of vertebra L5, exposed to a 
3.15ms'^  acceleration amplitude in vertical acceleration at its natural frequency, by 











Table 3.4 Injury Risk Factor computed for an average body type 
_ Cf dyn _ 
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Whole 5 400 N 
vertebrae [11,12] 
Sfrnilarly, the ERF was computed in the L5 cancellous bone according to the vibrafion 
frequency ranging from 0 to 15 Hz, for various acceleration amplitudes (Fig. 3.8). The IRF 
was computed by applying acceleration amplitudes ranging from 0.63 ms"^  to 4 ms' to the 
seat, in order to consider dynamic excitation consisting of low-amplitude vibration, as is 
normally encountered in vehicle vibration [7]. 
The sfress analysis shows that the risk of damage is highest for the cartilaginous endplate 
(24%) and cancellous bone (25%)). These observations are perfectly coherent with the results 
of the experimental fatigue tests on vertebral motion segments exposed to mechanical 
vibration carried out by Hansson, Keller and Johnson [11] and Ruth, Allan and Randal [42]. 
During their static and dynamic compression tests (high amplitude vertical vibration), these 
authors observed that the most critical elements as regards fractures were the cartilaginous 
endplate and the cancellous bone. We note that for accelerations close to 3.15 ms" , the 
instantaneous risk of fracture remains wealc for a young and healthy driver. However, in the 
long term, it can lead to bone microfractures through mechanical fatigue, especially when the 
IRF factor is greater than 30%), as it is usual in fatigue problems. Thus, we assume an IRF of 
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Figure 3.8 Injur y Risk Factor with frequency at the L5 cancellous 
bone for different acceleration amplitudes. 
In addition, this study demonsfrafes that, if acceleration exceeds 10 ms'^, as it can be 
encountered on very rough roads (shocks), the IRF exceeds 50%). A similar result was 
predicted by Morrison, Robinson, Nicol, Roddan, Martin, Springer, Cameron and Albano 
[39], who employed a health hazard method. These authors found a probability of injury of 
close to 95%o for drivers exposed to repetitive shocks of 2 g at 6 Hz (close to the spme natural 
frequency) during a one-year exposure. 
3.2.5 Discussio n 
Validation of the bony microfracture assumption as a source of adverse heath effects 
requires, as a ffrsf step, knowledge of sfress/sfrain disfribufion in the lumbar spine in order to 
locate the vertebral elements most likely to be damaged. The consistencies between the 
developed model and the published results on loading forces and natural frequencies 
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demonstrate that the computed stresses for the L5 cancellous bone are representative 
(Fig.3.7) and constitute a significant contribution to the understanding of bone fractures. A 
relationship has been established between the resulting dynamic stresses and the input 
acceleration amplitudes as measured at the seat. By extracting information from fig. 3.7, 
which related the dynamic sfresses as a function of frequency for different acceleration 
amplitudes, a linear relationship has been developed between the dynamic stresses adyn 
(MPa) and the acceleration amplitudes A (ms'^ ) measured at the seat when excited to the 
rachis resonant frequency. By considering the static sfress component (MPa), which has been 
computed at 0.26 MPa, the total sfress Otot is equal to atot=OdyT, + Ostat- A linear least-square 
regression revealed the following relationships between the total sfress (static and dynamic) 
atot computed from the maximal level and from a mean level with the acceleration " A " 
measured at the seat: 
Max stress: atot = 0.16 A+0.27, (3.2) 
Mean stress: a,ot= 0.13A + 0.22, (3.3) 
To vahdafe our numerical model, relations Eq. (3.2) and (3.3) were compared with an 
experimental model estabhshed by Seidel ef al [13]. In fact, these authors [13] proposed an 
experimental model to estimate the mean dynamic and total sfresses. The static sfresses were 
foimd to be related to posture, age and body mass. The dynamic sfresses were related to body 
type, posture and seat acceleration. Through in-vivo tests applied to 36 subjects, they 
determined a linear relationship between the dynamic sfresses (MPa) and the acceleration 
amplitudes (ms''^ ). By considering a 40-year-old male in the driving posture, which, in our 
study, corresponds to an average body type, and by generating a static sfress component of 
0.21 MPa, a linear regression analysis, applied to L5/S1, revealed the following relationship: 
Mean sfress: atot = 0.1A +0.23 (3.4) 
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Fig. 3.9 illusfrates the relationships Eq. (3.4) for an average body type, computed at the 
natural frequency of the lumbar spine in the vertical direction. It shows that the stresses 
obtained from our numerical results may be advantageously compared to the experimental 
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Figure 3.9 Tota l stress with seat acceleration, a t resonant frequency . 
To simplify the analysis, a discrete single degree of freedom model (1 DOF) was adopted by 
Coermann [49] and Griffin [2] for modelling the human body exposed to mechanical 
vibrations. By applying an excitation to the natural frequency, the dynamic sfress computed 
for a 1 DOF system can be expressed in the following form: 
dyn 




where Meq is the equivalent mass, "A" the apphed acceleration amphtude to the seat, S the 
average cross-section of disc, 0 the posture angle and ^ the damping rate. 
The vibration fransmitted to the seat during driving comes from road roughness that can 
generate multiple shocks and random vibration. These vibrations are transformed along its 
path by the natural frequencies of the suspension and the result is a superposition of harmonic 
motion with random vibration and shocks. In the case of random excitation, a different 
approach from harmonic excitation must be adopted for estimating the fatigue damage, 
because all the frequencies are excited in the same time and the natural frequency of the 
lumbar spine is always excited. Indeed, we may consider that this study represents a critical 
severity case. Then, our study ftimishes a method for estimating the dynamic stresses and the 
injury risk of factor, considering agemg, in case of random excitation when the natural 
frequencies of the lumbar spine are all excited. 
In this study, the static sfress astat is 0.26MPa, the apphed mass is approximately 57 % of the 
•y 
body weight (~ 40 kg), the average disc cross-section at L3-L4 is 1500 mm , the rate 
damping is 10% and the posture angle is about 15°. The total sfress Otot (odyn + Ostat) can 
then be expressed as following: 
atot=0.14A+0.26, (3.6) 
This simphfied model corresponds closely to the models obtauied from our numerical results 
(Eq.3. 2 and 3.3 for mean and max sfress respectively). 
Since the IRF (%) was defined as the ratio between the computed total sfress (odyn + astat) and 
the ultimate sfress (Ou), we can also determine a linear relationship between the ERF and the 
acceleration amplitude applied at the seat. For example, if we consider the ultimate sfress for 
a healthy frabercular bone (one of the osseous locations most susceptible to vibratory 
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damage) as averaging Ou = 3 Mpa, the relationship relating the IRF (%) to the acceleration 
amphtude a (ms''^ ) becomes therefore: 
IRF(%) = 5.3A + 9 (3.7) 
We can conclude that the sfress limits issued from our study agree very well with those 
exposed in ISO 2631-5 [50] when drivers are subjected to vibrations containing multiple 
shocks. In fact, in many cases, such as in machinery fravelling over rough surfaces, dynamic 
loading could be considered as vibration containing multiple shocks. A method for estimating 
vibration containing multiple shocks has been produced by ISO 2631-5 [50], which is 
concemed with the lumbar spine response. For impact excitation, the ISO 2631-5[50] 
standard proposes a procedure for estimating the daily equivalent static compression dose a 
(Mpa). It computes the lumbar spine acceleration from the time histories in the seat, by using 
a theoretical model and exfracted the peaks Ai (i=l...n) of the lumbar response in each 
dfrection. In lateral dfrections, the theoretical model is assumed to be linear and acceleration 
peaks are coimted in negative and positive dfrection while in vertical direction, the theoretical 
model is exfracted from a neural network model and the peak acceleration is only coimted in 
positive direction. The corrected acceleration dose is computed in each direction and a daily 
equivalent static compression dose a (Mpa) is proposed as follows: 
> If a < 0.5 Mpa, a 20 years old man working 240 days a year will have a low 
probabihty of injury; 
> If 0.5 < a < 0.8 (Mpa), a 20 years old man working 240 days a year will have a 
moderate probability of injury; 
> If a > 0.8 (Mpa), a 20 years old man working 240 days a year will have a high 
probability of injury. 
By considering an intermediate sized person, Fig 3.9 shows that the sfresses of 0.5 Mpa and 
0.8 Mpa are corresponding to acceleration levels of between 2.1 ms'^ and 4.5 ms'^, 
respectively. Consequently, if may be suggested from ISO 2631-2004 [50] that a healthy 
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driver working 240 days a year will have a low probability of injury if acceleration amplitude 
is controlled lower than 2.1 ms'^  at the seat and that a healthy driver working 240 days a year 
will have a high probability of injury if the vibration amplitude at the seat is higher than 
4.5m/sl This high level of acceleration of 4.5 ms'^  is coherent with ISO 2631-1997 [23] 
which recommends an exposure time lower than 30 minutes a day in this case. Dealing with 
acceleration data measured at the seat presents the great advantage to be easier to manipulate 
for indusfry than dealing with spine sfresses than can't be measured in vivo. 
The cancellous bone, representing almost 90%) of the total volume of the vertebrae, has a 
porous structure and its fimdamental role is to absorb energy. The cancellous bone has 
anisofropic mechanical properties that depend on the porosity of the specimen. The elastic 
and sfrength properties of cancellous bone are displaying substantial heterogeneity with 
respect to age, health, anatomy site, loading dfrection, and loading mode. In compression, 
both modulus and sfrength decrease with age, falling approximately 10 percent per decade 
[43]. Both modulus and sfrength depend heavily on apparent density. These relationships 
vary for different types of cancellous bone due to the anatomic site, age, disease and related 
variations in cancellous architecture. Linear and power-law relationships can be used to 
describe the dependence of modulus and compressive sfrength on apparent density and age 
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[43, 44, 45], with typical coefficients of determination (R ) ranging from 0.6 to 0.9. The 
apparent density of vertebral cancellous bone decreases linearly with ageing [46, 47]. The 
age of the vertebral cancellous bone samples studied ranged from 20 to 80 years and the 
average density was 0.23 ± 0.08 gcm'^ , varying from 0.05 to 0.3gcm''^  [46, 47]. Thus, the IRF 
can be expressed according to the acceleration amplitude at the seat, age and corresponding 
osseous densities. Fig. 3.10 shows the relationship between the ERF and the acceleration 
amplitudes recorded at the seat when excited to the rachis natural frequency for different 
osseous densities and corresponding ages. 
As expected, the results show that the risk of damage increases with age due to the 
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Figure 3.10 Injur y Risk Factor with acceleration amplitude at the seat, at 
resonant frequency for different ages and osseous densities. 
By considering a healthy person and by applying acceleration amplitude about 4.5 ms-2 at 
the lumbar spine, an excitation at the natural frequency can produce a risk of damage of 30%o 
for a 45-year-old driver by considering an apparent density of 0.23 gcm-3. As described in 
Figure 3.10 for a 65 years old man, an acceleration amplitude between 2.1 ms' and 4.5 ms' 
(producing a total sfress between 0.5 and O.SMpa as shown in Fig. 3.9) can produce an IRF 
respectively of 30%o and 50%). Fig.3.11 and Eq. (3.8) shows the relationship between the 
acceleration threshold A30%o and the driver's age. 
A 30%=-0.15 year+11.48 (3.8) 
By considering an IRF level 30%o, Fig. 3.11 shows that the amplitude of vibration must be 
reduced to 4.5 ms'^ when the driver is 45 years old and to 2.1 ms''^  when the driver is 65 years 
old (apparent density of 0.18 gcm'^), if the excitation is maintained at the natural frequency 
of the lumbar spine, as is the case under shock or random excitation. 
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Figure 3.11 Acceleratio n threshold with age driver for an Injury. 
Therefore an acceleration amplitude of 2.1 ms"^  can be considered as a limit in order 
to avoid any injury risk and this whatever the age of driver. 
3.2.6 Conclusio n 
This paper aims to study the dynamic behaviour and stress disfribufion in the lumbar 
vertebrae when exposed to low-amplitude mechanical vibrations, and, in so doing, help for 
validating the assumption that whole-body vibrafion can induce microfractures in the bony 
elements of the spine, which, in turn, can lead to adverse health effects. A finite element 
numerical model of the lumbar spine has been developed using a paramefric model. Two 
other models, representing the lumbar and thoracic spine and L4-5 motion segments, were 
generated to predict the natural frequencies and to validate the parametric model. The 
dynamic model is aimed at computing the modal analysis, the response transmissibility and 
the dynamic mechanical sfresses of the lumbar spine produced by whole-body vibration, in 
order to evaluate the potential risk of adverse health effects for professional drivers while in a 
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seated position. Furthermore, the computed stress/strain distributions identify the osseous 
locations most susceptible for damaging. This parametric finite element model has been 
validated by using published results of natural frequencies and fransmissibility. A new 
damage index has been developed for predicting the risk of exceeding a certain percentage of 
the material's ultimate sfress capacity and consequently developing microfractures (noted 
ERF) under an excitation coming from the seat for any given vibratory amplitude. This study 
has revealed a quantitative relationship between the dynamic sfresses and the acceleration 
amplitude measured at the seat and another between the injury risk of fracture and 
acceleration and ageing. It is found that acceleration amplitudes greater than 4. 5 ms"^  could 
produce a high probability of injury. In order to compare the computed forces with those 
published in literature, acceleration amplitudes of 3 ms''^  have been applied to the seat in 
order to calculate the equivalent compressive force at the segment L3-L4. The estimated 
equivalent compressive force at segment L3-L4 is about 1030 N. The risk of adverse health is 
more significant if the apparent density is lower than 0.23 gem' (about 0.18 gem'). These 
effects are related to the age of drivers and this study confirmed that old drivers present a 
more significant risk of fracture than the young's one. If an Injury Risk Factor of about 30%) 
is defined as the limit of endurance in order to avoid fatigue problems, the results show that 
drivers older than 45 years old are susceptible to long term injury. An excitation acceleration 
of 2 ms-2 apphed to the seat have been found as a threshold limit in order to avoid any risk of 
fracture, whatever the age of the driver. For the acceleration threshold of 2 ms''^ , the ERF was 
found ranging from 12%o for a young driver to 30%o for an old driver. The future of this 
research is aimed at investigating, by a statistical approach, the effect of the following 
parameters: driving posture, body weight, bone structure, apparent density (age), acceleration 
level and damping rate on dynamic stresses and on the health risk (IRF) due to WBV. The 
study will enable the evaluation of lumbar spine mechanical fatigue when exposed to the 
continuous whole-body vibration for the prediction of the vertebral lifespan when subject to 
long-term exposure to low-frequency and low-amphtude dynamic loads. 
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CHAPITRE 4 
A DESIGN OF EXPERIMENTS FOR STATISTICALLY PREDICTINGA RISK 
OF ADVERSE HEALTH EFFECT OF DRIVERS EXPOSED TO VERTICAL 
VIBRATIONS 
4.1 Presentatio n 
Cet article a ete soumis a OMICS: 
Ayari H., Thomas M., Dore S., 2009, A Design of experiments for statistically predicting a 
risk of adverse health of drivers exposed to vertical vibrations. 
Alors que dans I'article 2, un modele numerique par elements finis parametre a ete 
developpe, mais sans vraiment profiter des avantages du paramefrage, l'objectif de Particle 3 
est d'etudier les confraintes dynamiques subies par des individus de diverses corpulences. 
Dans cette etude, un modele statistique permettant de predire la confrainte dynamique ef un 
facteur de risque de fracture (FRD) est developpe en se basant sur le modele parametrique de 
la colonne vertebrale developpe dans I'article 2, et en tenant compte des parametres 
vibratoires (acceleration, frequence), individuels (ossature, poids ef posture) et mecaniques 
(densite osseuse et taux d'amortissement). Fonde sur les resultats numeriques, un plan 
d'experience a ete mene avec le FRD comme variable dependante. La posture, la corpulence, 
la densite apparente de I'os spongieux, I'aire des vertebres, le taux d'amortissement du 
disque intervertebral, le poids des individus ainsi que 1'amphtude de I'acceleration du siege a 
la resonance des vertebres ont ete consideres comme variables independantes. Le plan 
d'experiences a compris 972 simulations. L'effet de l'age a ete considere comme 
representant une diminution de la densite ef du taux d'amortissement. Le modele presente 
dans cet article est capable de simuler n'importe quelle condition de chargement, de posture 
et d'evaluer l'effet des variations geometriques inter-individuelles. La validation du modele 
est basee sur une comparaison des confraintes obtenues avec les resultats experimentaux fires 
de la litterature. 
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4.2 Articl e 3 
A DESIGN OF EXPERIMENTS FOR STATISTICALLY PREDICTING 
A RISK OF ADVERSE HEALTH EFFECT OF DRIVERS EXPOSED TO VERTICAL 
VIBRATIONS 
Ayari H., Thomas M., Dore S., 
Ecole de Technologie Superieure, 1100 Notre-Dame Ouest, 
Montreal, Quebec, Canada H3C 1K3 
Resume 
L'objectif de cette etude est de presenter une methode numerique pour estimer les contraintes 
dynamiques ef leurs effets sur la sante des conducteurs professionnels. Un modele 
parametrique de la colonne vertebrale a ete genere afin de calculer les confraintes et le risque 
de fracture sous l'effet d'une excitation harmonique. Un facteur de risque au dommage 
(FRD) en a resulte. Fonde sur les resultats numeriques, un plan d'experiences a ete mene 
avec le FRD comme variable dependante. La posture, la corpulence, la densite apparente de 
l'os spongieux, I'afre des vertebres, le taux d'amortissement du disque intervertebral, le poids 
des individus ainsi que Pamplifude de I'acceleration du siege a la resonance des vertebres ont 
ete consideres comme variables independantes. Le plan d'experiences a compris 972 
simulations. L'effet de l'age a ete considere comme representant une diminution de la densite 
osseuse et du taux d'amortissement des disques intervertebraux. Une limite de 30%) du FRD a 
ete consideree comme critique afin de considerer l'effet de fatigue a long ferme. Si on 
considere un conducteur avec tm poids leger (55kg) et ayant une densite apparente de I'ordre 
de 0,2 g/cm ,^ une acceleration de 3 m/s^ appliquee au siege peut efre consideree comme tm 
seuil limite pour avoir tme faible probabilite de dommage. Ce seuil de vibration doit etre 
reduit a 2,7 m/s^, si le poids augmente a 75 kg et a 2 m/s^ si le poids est de 98 kg. En 
consequence, le niveau d'acceleration doit etre confrolee a des amplitudes de moins de 2m/s^ 
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si nous voulons eviter tout risque de dommage et ceci pour n'importe quel age, ossature, et 
poids du conducteur. 
Abstract 
The objective of this research is to numerically compute an indicator, called the Injury Risk 
Factor (ERF), which indicates the risk of adverse health effect arising from mechanical 
vibrations to which professional drivers are particularly prone. A design of experiments has 
been conducted by considering posture, bone structure, apparent density, damping rate and 
body weight as independent variables. A parametric finite elements model of lumbar rachis 
was generated in order to compute the dynamic sfresses and evaluate a risk of fracture under 
dynamic excitations. It was shovm that the ERF increases with ageing and an ERF of 30%o has 
been found a threshold for fatigue purpose. This level can be reached if an acceleration level 
greater than 3 m/s^ is applied to an old driver having a low density, a damping rate of 20%o 
•y 
and a small weight (55 kg). This vibration threshold must be reduced to 2.7 m/s if the 
weight increases to 75 kg and to 2 m/s^ if the weight is high (98 kg). Consequently, the level 
of acceleration must be confrolled to amplitudes less than 2 m/s^ if we want to avoid any risk 
of injury whatever the driver, his weight, bone structure and age. 
Keywords: Adverse health effect. Whole-body Vibration, Spinal loading. Finite Element 
Analysis, Ageing, Design of Experiments. 
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4.2.1 Introductio n 
Literature reports many epidemiologic investigations carried out to establish a Ifrik between 
exposure to upper body vibrations and spine disorders. These researches show a relationship 
between professional exposure to vertical vibrations transmitted to the upper body and an 
increased risk of adverse health effect. Long term Whole Body Vibrations (WBV) can 
generate adverse health hazards for the lumbar spine, especially at the three lower vertebrae 
L3-L5 (Bovenzi et al (1998); Hulshof et al, 1987). Several bibhographical reviews have 
indeed been pubhshed over the past 15 years which show a higher occurrence of low back 
disorders among populations exposed to dynamic loading, such as heavy equipment drivers, 
than with the general population (Lings et al, 2000). Available epidemiologic data is however 
not generally sufficiently powerful to estabhsh a dose-effect relationship between exposure to 
whole-body vibrafions and the risk of lumbar disorders (Pope et al (1998); Magnusson et al 
(1998); Guillon ef al (1999); Boileau, 2002). In fact, whole-body vibrations induce dynamic 
sfresses, principally compressive, into the spine, producing micro fractures into the endplates 
and vertebral body. The long-term exposure of the human body to vibrafions may lead to 
mechanical fatigue (Sandover (1998); Thomas et al (1999, 2004)) and low back problems 
due to micro fractures in bones (cortical and cancellous), on endplates and micro lesions in 
the intervertebral discs (Pope et al, 1992). 
Current gaps of knowledge concem also the effect of WBV containing high acceleration 
events on the lumbar spine, the influence of different sitting postures, the effect of osseous 
density, and the variabihty of WBV effects caused by the individual variability of the 
skeleton (Sandover (1983); Hansson et al (1987); Brinckmann ef al (1988); Seidel ef al 
(1998); Thomas ef al (2004) and Ayari et al (2005) have suggested that fatigue failure of 
vertebral endplates and cancellous bone could be the pathogenetic mechanism that causes 
subsequent degenerative changes of the lumbar spine. 
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Several ntmierical and experimental (in-vifro or in-vivo) tests have been carried out to predict 
the local forces and moments acting on the human spine. Many researchers (Kitazaki et al 
(1997); Buck et al (1998); Fritz (2000); Pankoke et al (2001); and Verver et al (2003)) have 
developed dynamic finite element models of human body. These studies provide useful 
information concerning the dynamic behaviour of the lumbar segments and were aimed at 
computing the forces acting on the spine for an acceleration level specified. However, few 
numerical studies have established a relationship between the fatigue sfresses and the 
acceleration at the seat. By applying an analytical method, Thomas et al (2004), have studied 
the long term adverse health effect for drivers exposed to harmonic and random vibrations. 
The experimental study developed by Seidel et al (1998), allowed for the assessment of a 
relationship between the forces and the acceleration at the seat by considering posture and 
nature of the body (bone stmcture). However, most of these models use fixed parameters and 
are not designed to easily observe the effect of inter-individual variations such as posture, 
bone stmcture, body weight, etc. In fact, a paramefric finite element model, such as the one 
developed by Lavaste et al (1992), for a static analysis, is more suitable in order to easily 
study various effects concerning anatomy or posture on dynamic behaviour. 
Consequently, this research is aimed at the elucidation of exposure - vibratory response 
relationship in order to derive quantitative relations for the assessment of the health risk due 
to WBV by investigating the effect of the following parameters: driving posture, body 
weight, bone stmcture, apparent density (age), acceleration level and damping rate on 
dynamic sfresses. These effects are taken into account in order to define limits of acceleration 
amplitudes measured at the seat. 
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4.2.2 Subject s and methods 
4.2.2.1 Mathematica l mode l of the Injury Risk Factor 
The dynamic behaviour of the vertebral bone may depend on several variables such as: 
apparent density, age, sex, posture, loading, excitation frequency, modal parameters of the 
vibratory excitation and several other factors. In this study, we considered the principal 
following parameters: posture angle (0), body weight (M), averaged cross - section of disc 
(S) to represent the bone sfrucfure, apparent density (p) of lumbar vertebrae, vibratory 
amplitude (A), frequency of excitation (f), natural frequency (fn) and damping rate (^). 
If it is supposed that all these variables are independent and quantifiable, the dynamic 
sfresses as well as an injury risk factor (IRF) can be generally expressed as: 
V = f(A,M,S,^,e, f/fn) 
IRF = g(A,M,S,^,e,p,f/fn) 
(4.1) 
(4.2) 
If we consider a model based on a single degree of freedom system (S.D.O.F.) as suggested 
by Coermann (1962) and Griffin (1990), for modelling the human body exposed to 
mechanical vibrations, the fransmitted force to the lumbar spine can be evaluated. Under an 
excitation displacement Y coming from the seat, the fransmitted force Fj to the body M may 








By assuming that the excitation produces a vibration at the natural frequency (f= fn) because 
the drivers are usually exposed to random or transient excitations, a simplified model for 
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computing the dynamic sfresses has been developed from the transmitted force formulation 
(Eq. 4.3) by considering the body morphology (Mass M and cross sectional area at the 
intervertebral disc S) and the posture angle 0: 
Cos{0) (4.4) 
where: 
• A is 
a J =  £> 
the applied acceleration amplitude to the seat. 
• B is a statistical constant. 
By assuming that the risk of adverse health is relative to the ratio of the applied stress to the 
ultimate stress, a new injury risk factor (IRF) has been developed (Ayari ef al (2007)): 
^^dyn^^stat^ .. x^ 
IRF =100* -~-  ^ (4.5) 
where Ostat is the compressive static stress as computed by our numerical model and cr„ is 
estimated from literature as 41.668p'^ ^ "^^ '^ "^  (Carter et al (1981), Hansson et al (1987); 
Mosekilde et al (1987); Keller (1994)) is the ultimate sfress of the vertebrae. 
By introducing equation (4.4) info (4.5), the following relationship has been developed: 
il + (2^)^ 1 
IRF{%) = {B, + B^ * -^—  A  * M cos(6')) ^ ^ (4.6) 
^ ^ 2^ 5 V 
where B1 and B2 are statistical constants. 
ADVERSE HEALTH EFFECTS TO LONG TERM WHOLE-BODY VIBRATION 
EXPOSURE 
ABSTRACT 
The objective of this study is to describe a method in order to evaluate the long term 
exposure limits to continuous Whole-Body Vibration (WBV) before the occurrence of 
fatigue failure, especially in the case of harmonic and random excitations. The human 
exposure to Whole Body Vibration could cause discomfort, damage and adverse health 
effects, depending on the amplitude, frequency, duration of exposure, body type, density of 
bone, body weight and posture, etc. Literature refers to many causes that can produce 
problems related to low back pain. Many studies mention that these problems are foimd 
among a population exposed to long-term vibration loads, such as in fransportation (fractors, 
tmcks, buses, subways, other vehicles, etc.). Two assumptions may cause low back pain due 
to vibration exposure: the assumption that low back pain is due to soft tissue injuries (disc, 
muscle) or the assumption that they are due to bone damage. Most experimental studies have 
shovm that under dynamic compressive loadings, the damage most often occurs in the 
vertebral body. Indeed, exposure to mechanical vibration excites the lumbar spine in a simple 
compression mode; thus, such a loading can minimize the damage to discs since different 
mechanical models of intervertebral discs concluded that the disc hemiation occurs mainly as 
a result of torsion or bending efforts coupled with the inclined lateral efforts. The generated 
dynamic stresses can be at the origin of accumulation of microscopic cracks in the bone 
(leading to fatigue damage of the bones) and this in despite of the potential for bone 
remodelling. 
With the hypothesis that low back pain among drivers comes from bone damage, the research 
was conducted in order to determine the long term limits of exposure to vibrations. Two 
models have been developed, a statistical analysis model and numerical simulations using a 
parametric finite elements model to study the effects of vibration on the lumbar vertebrae of 
drivers. 
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4.2.2.2 Finit e element mode l 
A parametric finite element model of the rachis (L1/L5) has been applied for studying the 
effects of postures (flexed, lordosis and neutral posture), bone stmcture (frail, intermediate, 
and robust body), body weight, degree of degeneration represented by the damping rate and 
apparent density (for representing the ageing) on the injury risk factor computed for different 
levels of acceleration. 
The parametric finite element model of the lumbar spine (L1-L5) was generated in a CAD 
(Pro-Engineer) software application by considering the parametric equations describing the 
shape of vertebra and intervertebral disc, as established by Lavaste et al (1992). The 
morphometrie dimensions have been considered as measured on various vertebral bodies by 
Berry et al (1987). Figure 4.1 illustrates the main parameters of lumbar vertebrae. 
Figure 4.1 Mai n parameter s o f lumbar vertebrae (Lavast e et al (1992)). 
The main advantage for using a parametric model is the facility with which different human 
morphologies can be studied. This parametric dynamic model presents the advantage of 
simulating any condition of posture as well as the effect of inter-individual geometrical 
variations. This parametric model allows for studying the effect of seated posture (flexed 
posture 9  < 5°, lordosis posture 6  > 25°, and average posture 9 = 15°). bone structure (size of 
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vertebrae) and body weight on the mechanical behaviour of spine exposed to whole body 
vibration. Figure 4.2 illustrates various postures of the lumbar spine. 
Figure 4.2 Posture s of the lumbar spine. 
Nine geometrical models of the spine have been generated for numerically exfracting data 
which will be used for the design of experiments: three postures (lordosis, flexed and 
intermediate) and three bone structure (frail, intermediate and robust body). The bone 
structure was introduced by variation of the size of vertebral body as used by Seidel et al 
(1998), in vivo tests. 
Each model of the lumbar spine is composed of 33 bodies (annulus, nucleus, endplate, cortical 
shell and spongy bone); 54 contact zones are defined between the bodies. The volumes of 
each part of the model were meshed separately with their meshing parameters. Owing to the 
geomefrical complexify of the spine, the finite element mesh had to be fairly fine. The cortical 
shell, posterior elements, cancellous bone and endplates were meshed using 3D 10-node 
fefrahedral elements (Ansys software: Solid 187). This type of element was selected because it 
facilitates the interpolation of exfemal geometry. The nonhomogeneous stmcture of the 
intervertebral disc was taken into account, as it is done in other finite element models (Shirazi 
et al (1984); Kasra ef al (1992); Goel ef al, (1995)), the annulus fibrosus was modelled as a 
composite material. The behavior of the nucleus pulposus was modelled using volumic 
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elements with a Poisson coefficient of 0.499 representing a quasi -isovolumic behaviour. The 
contacts were modelled with contact elements (Target 170 with 8-node, and Conta 174 with 8-
node). In vivo, relative motion between posterior elements was assured by articular cartilage. 
In the model, a very low friction coefficient was applied to model the relative motion of 
cartilaginous sfmctures. A frictionless contact element was chosen to model the connection 
between the posterior elements. Low-rigidity springs were added to the contact element model 
to ensure continuity. While the thickness varies from minimal in the central region to 
maximum at the ends, the endplate was modeled by considering a very thin layer (0.5inm 
thick). Thus it inherently provides little additional sfrength. Furthermore, it may serve to 
disfribute the load more evenly over the vertebral bone, while preventing the migration of 
softer nucleus material into the pores in the vertebral endplate. The aspect of bone 
remodelling, while very important in fatigue concept, has not been considered in this study 
which is aimed at developing a criteria based on an instantaneous Injury Risk of Fracture 
(IRF). The ERF contains the information on ultimate sfress and consequently on ageing by 
varying density and damping. The total number of lumbar spine elements and nodes is 36 500 
and 83 808, respectively. The meshing of the lumbar spine and frictionless contact between 
apophyses is shown in Fig 4.3. 
Once the lumbar spine model has been generated, the dynamic analysis are carried out on the 
model through the finite elements Ansys Workbench (Ansys© workbench) in order to 
compute the dynamic sfresses. For the dynamic analysis of the lumbar spine, a distributed 
mass of about 55%o the body weight was applied to the upper face of the rachis (Kasra et al 
(1992); Izambert ef al (2003) for modelling the upper body. The mechanical properties of the 
various elements (cortical shell, cancellous bone, posterior elements and cartilaginous 
endplates, intervertebral disc) forming the vertebral body were deduced from literature 
(Shirazi et al (1984); Lavaste ef al (1992); Kasra et al (1992); Izambert et al (2003)). The 
materials properties are given in Table 4.1. 
I l l 
100.00 (im) 
Figure 4.3 F E models a) Lumbar spine b) contact between posterior elements. 

































4.2.2.3 Rang e of Injury Risk Factor (IRF) 
Results of ISO 2631-5 (2004), and those obtained by Brinckmann et al (1988), have been 
used in order to estabhshed IRF thresholds, fri fact, the ISO 2631-5 (2004), guide proposes a 
procedure for estimating a daily equivalent compression static stress Sed (Mpa) of the lumbar 
spine response in order to predict the probability of injury when considering vibrations 
containing multiple shocks that excite all the resonances. This guide identifies 0.5 and 0.8 
Mpa as limits of probability of injury: 
> If Sed < 0.5 Mpa, a driver working 240 days a year, will have a low probability of 
injury; 
> If 0.5 < Sed < 0.8 (Mpa), a driver working 240 days a year, will have a moderate 
probability of injury; 
> If Sed > 0.8 (Mpa), a driver working 240 days a year, will have a high probability of 
injury. 
In this study, the ERF is defined as the ratio between the calculated stress (or the 
recommended sfress by ISO 2631-5 (2004), and the ultimate stress (IRF%=100*a/ a^). The 
ultimate stress of the vertebrae au, estimated from literature, is equal to 41.668p'^. In 
addition, the apparent density p may be described as a linear relationship with the number of 
years of exposure of drivers (see section 4.2.2.4). Therefore, the apparent density for an old 
driver (65 years old) is about 0.18 g/cm^ Considering the ISO 2631-5 (2004) limits, it 
appears that the equivalent ERF threshold is between 30%) and 50%) for a driver having 65 
years old. 
Brinckmann ef al (1988) argued that a sfress ratio of 30%o normalised with the ultimate stress 
could be estimated as an endurance hmit for in vivo exposure. The threshold of 30% may be 
assumed as a limit for avoiding any risk of fatigue after long duration of exposure to dynamic 
excitations as it is usual in mechanical fatigue problems and consequently, an ERF of 30%) 
could be considered as representing a moderate probability of injury. 
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This threshold is also in agreement with the recommended stresses for an old driver, by 
considering a stress level of 0.5 MPa as a moderate probabihty of injury from ISO 2631-5 
(2004). Furthermore, the results of Hansson et al (1987) show that a stress greater than 50% 
of the ultimate stress, induce fatigue failure occurring before 1000 cycles. This threshold is in 
agreement with the recommended stresses for an old driver by considering the stress level of 
0.8 MPa as a high probability of injury from ISO 2631-5 (2004). 
Consequently, we have considered in this study the following critena for IRF: 
> If IRF< 30%, a driver working 240 days a year, will have a low probability of injury; 
> If 30% < IRF < 50%) , a driver working 240 days a year, will have a moderate 
probability of injury; 
> If IRF > 50%o a driver working 240 days a year, will have a high probabihty of injury. 
4.2.2.4 Protoco l of the design of experiments 
In order to study the effects of parameters appearing in equation (6) on the injury risk factor 
IRF, a numerical design of experiments was conducted (Ayari et al (2007)). A full factorial 
design was selected to allow all three-level interactions between the independent variables to 
be effectively investigated. The levels for each factor were exfracted from literature: 
• The lower face of vertebrae was subjected to various vertical accelerations. The 
acceleration amplitudes were extracted from the ISO 2631 (1997) curves that define 
limits of exposure according to the frequency and duration of exposure. In this study, 
four levels were considered. Levels of the apphed accelerations were 1, 2, 3.15 and 4 
m/sl 
• The cancellous bone, representing almost 90 %> of the total volume of the vertebrae, has 
a porous stmcture and its fundamental role is to absorb energy. The cancellous bone has 
anisofropic mechanical properties that depend on the porosity of the specimen. The 
elastic and strength properties of cancellous bone display substantial heterogeneity with 
respect to age, health, anatomy site, loading direction, and loading mode. Both modulus 
and strength depend heavily on apparent density. In compression, both modulus and 
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strength decrease with age, decreasing of approximately 10 percent per decade 
(McCalden ef al (1997)). These relationships vary for different types of cancellous bone 
because of the anatomic site, age, and disease and related variations in cancellous 
architecture. Linear and power-law relationships can be used to describe the dependence 
of modulus and compressive strength on apparent density and age (McCalden et al 
(1997); Kopperdahl et al (1998); Ferguson et al, 2003), with typical coefiTicients of 
determination (R )^ in the range 0.6 to 0.9. The apparent density of the cancellous bone of 
the vertebrae decreases linearly with ageing (Myers et al (1997); Ettinger ef al, 2003). 
The density may be described as a linear relationship with the number of years of 
exposure of drivers (MaCalden ef al (1997)): 
p = 0.375-0.003(77+ 25) (4.7) 
where n is the number of years of exposure from 25 years. 
For a yoimg driver of 25 years old (n=0), the apparent density is 0.3 g/cm . Consequently, for 
drivers older than 25 years old, Eq (4.7) may be expressed as: 
p = 0.3-0.003« (4.8) 
Three levels of the vertebral apparent density, ranging from O.lg/cm^ to a maximum value of 
T - J 
0.3 g/cm with an intermediate value of 0.2 g/cm have been considered: 
• In seated posture, three critical levels of posture angle were chosen as determined by 
Adams et al (2002): the flexed posture, the lordosis posture and the intermediate posture. 
• Three levels of the cross sectional areas (S) were considered. The cross sectional areas 
(S) at the L3-L4 represent the bone stmcture (frail, intermediate or robust body). The 
same parameter (S) was used by Seidel ef al (1998). In fact, Seidel et al considered two 
main parameters to define the bone structure which are the cross sectional area at the 
disc and the Humeral Index (HI) represented by the ratio between elbow width and the 
upper arm length. 
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• The viscous damping rate depends on the degree of degeneration of the inter-vertebral 
disc (grade of the disc) and muscle activity (Adams et al (2002)). We may consider a 
damping rate equal to 30%) for a yotmg driver of 25 years old. For a driver older tiian 25 
years old, the dampfrig rate may be assumed following a linear relationship with the 
number of exposure years: 
^ = 0.3-0.0025« (4.9) 
The sfress responses were computed by considering a viscous damping rate of 10%) 20%) 
and 30%o as determined from the experimentation of Kasra et al (1994) and Izambert et al 
(2003). 
• Three levels of body weight were chosen (heavy, intermediate and light). 
Table 4.2 shows the values considered for each factor. The total number of numerical 
simulations is 972. 
Table 4.2 Independent variables 
Variables 
Acceleration A (m/s2) 
Apparent density p (g/cm3) 
Body weight M (Kg) 
Posture angle 9° 
Cross sectional area L3-4, S (min2) 


























4.2.3 Result s 
4.2.3.1 Analysi s of variance (ANOVA) 
Analysis of variance (ANOVA) was applied to investigate the main effects of independent 
variables, together v^th their three-level interaction effects on the ERF. The ANOVA table 
decomposes the variability of the ERF into contributions due to various factors. The p-value 
and the F-ratio test the significance of each factor and interaction between them. More the F-
ratio is high and more the p-value is close to zero, more the effect is significant. For the 
ANOVA analysis, we selected a 99% confidence level (p-value lower than 0.01) for testing 
the significance of the maui effects and three-level interaction effects. The computed 
ANOVA output and the calculated Fisher ratios with their p-value are shown in Table 4.3 for 
each significant effect. The effects are classified from the most significant to the lesser one. 
4.2.3.2 Effec t on the Injury Risk Factor IRF 
In all the following analysis, we have considered 30% and 50 %> as thresholds of ERF. The 
analysis of interactions shows that the density and damping rate are definitely parameters 
more significant than the others on the injury risk factor. These parameters reflect the effect 
of bone degeneration and ageing of drivers. In the following paragraphs, ten combinations of 
three-level interactions are examined. 
4.2.3.3 Interaction s between density, damping and weight. 
Figure 4.4 shows the interactions implying the body weight, damping and density. 
Table 4.3 ANOVA results 
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Source Sum of Squares Df Mean Squar e F-Ratio P-Value 
Main effect s 
apparent density: p 
Body weight :M 
Damping rate : ^ 
Acceleration : A 
Cross sectional area 
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Figure 4.4 Interaction s between weight, density and damping. 
The risk of adverse health increases with body weight and when density and damping 
decrease. Statistical results show that yotmg drivers with high bone density (0.3 g/cm ) 
present low risk whatever their weight and damping. On the other hand, the IRF is very 
critical when density is very low (0.1 g/cm^), whatever the weight and damping. Workers 
with a high damping present low risk if their density is higher than 0.1 g/cm .^ In fact, a 
density of 0.2 g/cm^ represents a threshold to have a risk of damage, accordingly with the 
weight and damping of drivers. Especially for a low damping and medium density, the effect 
of weight is critical. 
4.2.3.4 Interaction s between acceleration, damping and density 
The damping, the density and the acceleration are the second significant three-level 
interaction in importance (Figure 4.5). 
As expected, the risk increases with the acceleration level, but it is not the preponderant 
effect. If is shown that the risk of adverse health effect decreases with increasing density and 
damping. The negative effect on IRF is critical when density is very low. Indeed, the osseous 
density exhibits a non linear behaviour and decreases from 0.2 g/cm to 0.1 g/cm since it 
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may be observed a greater variation of the risk than compared to the passage of 0.3 to 0.2 
g/cm3 whatever the damping rate. 
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Figure 4.5 Interaction s between acceleration, damping and density. 
The drivers having a damping greater than 10% and an apparent density greater than 0.2 
g/cm^ present low risk whatever the level of acceleration while vertebrae having a low 
damping (10%) combined with a density of 0.2 g/cm^ present a moderate risk when exposed 
to vibration amplitudes greater than 2 m/s^. Consequently, a density of 0.2 g/cm may be 
considered as a threshold for the risk of fracture, accordingly to the acceleration level and the 
damping rate. Figure 4.5 shows that the acceleration amplitude must be confrolled to 
amplitudes less than 4 m/s^ in order to avoid a high probability of frijury to drivers having a 
low damping rate (10%) and a density of 0.2 g/cml However, by considering the endurance 
limit of 30%), the acceleration amplitude must less than 2 m/s^ in order to avoid a moderate 
probability of injury. 
4.2.3.5 Interaction s between acceleration, weight and density 
The third effect in importance is the interaction between the acceleration, the body weight 
and the density (Figure 4.6). As seen previously, there is low risk for a driver with a high 
density (0.3 g/cm3) while the risk is very high witii ageuig and loss of density (0.1 g/cm3), 
whatever the weight or the vibration level. With a density of 0.2 g/cm3, the amplitude of 
vibration must be confrolled to less than 4 m/s2 to avoid a high risk of fracture and less than 
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Figure 4.6 Interaction s between acceleration, weight and density. 
4.2.3.6 Interaction s between weight, area (or bone structure) and density 
The effects of body weight, the area (bone structure) and density on IRF are shown in Figure 
4.7. The risk of adverse health effect increases with the body weight and with a decrease of 
the cross sectional area and density. The risk of fracture is very high if the density is low (0.1 
glcvci), while there is a low probability of injury when density is high (0.3 g/cm^). When 
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Figure 4.7 Interactio n between weight, area and density. 
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4.2.3.7 Interaction s between weight, area (bone structure) and damping 
The interactions implying the body weight, the area (bone structure) and the damping rate are 
shown in figure 4.8. The probability of injury varies from moderate to high accordingly with 
the body weight and the area for drivers having a low damping (10%). It is more significant 
for small bone sfructures, especially when the weight is greater than 75 kg. 
100 
80 
: i~ 6 0 










i / 2 - ; 
4a^-^-
1 —  120 0 mirfZ 
1 —  J500mm> 2 
1 —  180 0 mm>2 ; 
1 ' 
. L  L  L 
-4.^20%. 
55 75 98 
Body weight (Kg) 
55 75 98 
BodvweishtfKel 
^ =  30 % 
L .  -  1 - -  -  -
1 ^ ^ 
• " • " " i - : ^ 
+;.•._ 
i / 4 V 
yr / ' 1 
^ / ' I 
1 1  -isOOmlrt' a 
. j  J  L.. . _  . 
1 
T —  1«0tfmnl> 2 
\ \  : 
55 75 98 
Body weight (Kg) 
Figure 4.8 Interactio n between weight, area and damping. 
4.2.3.8 Interaction s between acceleration, weight and damping rate 
As seen previously, the risk of adverse health increases with the weight and with a decrease 
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Figure 4.9 Interaction s between acceleration, weight and damping. 
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Very heavy drivers are subject to a high probability of injury. Drivers with a medium weight 
have a moderate probability of injury and drivers with a light body weight, a low probability 
of injury, accordingly with the amplitude of vibration and damping rate. 
4.2.3.9 Interaction s between area (bone structure), damping rate and density 
The interactions implying the area (bone structure), the damping rate and the density are 
shown in figure 4.10. The IRF decreases with the increase of area, damping and density. If 
the density is low (0.1 g/cm^), the probability of injury is high whatever the damping rate and 
bone sfructure and it is low if the bone density is large. For drivers having a density greater 
0.2 g/cm3, the probability of injury is moderate. 
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Figure 4.10 Interactio n between area, damping and density. 
4.2.3.10 Interactions between acceleration, density and area 
The interactions implying the acceleration, the density and area (bone structure) are shown in 
Figure 4.11. 
The IRF decreases with the increase of area and density. The probability of injury is high 
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Figure 4.11 Interactio n between acceleration, density and area. 
4.2.3.11 Interactions between body weight, posture angle, density 
The interactions implying the body weight, the density and posture angle are shown in Figure 
4.12. If the density is low (0.1 g/cm^), the probability of injury is high for any posture angle 
and bone structure. The probability of injury is moderate for drivers with a density of 0.2 
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Figure 4.12 Interactio n between weight, posture angle and density. 
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4.2.3.12 Interactions between posture angle, density and damping 
At a lower level of significance. Figure 13 demonstrates that posture does not have a 
significant effect. The drivers with a low density present a high IRF, whatever the damping 
or posture. For a low damping, a density level of 0.2 g/cm^ appears as a threshold for an IRF 
about 30%. A 25° posture angle (lordosis posture) is the best sitting posture. This result 
agrees well with those determined by other researches (Diffrient et al (1974); Wayne et al 
(2003)) for average adults. In fact, Grandjean (1980) identified a backrest inclusion from 
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Figure 4.13 Interactio n between posture, density and damping. 
4.2.3.13 Synthesis 
In compression, both modulus and sfrength decrease with ageing, falling approximately 10 
percent per decade (McCalden ef al (1997)). Both modulus and strength depend heavily on 
the apparent density. Thus, the Injury Risk Factor of damage (IRF) can be expressed 
accordingly to the acceleration amplitude at the seat, the age and corresponding osseous 
densities and damping rate. The parametric model has been applied for computing the 
fy 
Stresses and the IRF when levels of acceleration of 1, 3 and 6 m/s are applied to three kinds 
of drivers wdth different ages (density and damping rate) and morphologies (weight and bone 
structure): 1) a yotmg driver (25 years old) with a density of 0.3 g/cm and a damping rate of 
30%); 2) a driver of 45 years old with a density of 0.24 g/cm3 and a damping rate of 25%); 
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and finally 3) an old driver (65 years old) with a density of 0.18 g/cm^ and a damping rate of 
20%o. The results are shown in Table 4.4. 





























































































































The stresses and IRF computed by finite element (Table 4) show that a healthy young driver 
presents few risks of fracture. At 25 and 45 years old, the ERF of drivers is low (IRF<30%)), 
whatever their weight even if exposed to levels of acceleration till to 6 m/s^. However, the 
IRF becomes moderate to high for drivers having 65 years old and a low density and 
•y 
dampuig. In fact, the acceleration amplitude must be confrolled to amplitudes less than 6 m/s 
for drivers having a low damping rate (20%)) and a density of 0.18 g/cm .^ Furthermore, the 
level of acceleration must be reduced to 3 m/s for drivers v^ dth a light weight, to 2.7 m/s for 
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a medium weight and to 2 m/s^ for a heavy weight. An acceleration of about 3 m/s^ can 
produce a total compressive stress (atot= a^  + Ojt^ t) between 0.5 Mpa and 0.8 Mpa and the 
risk of fracture for this acceleration level is less than 36%), whatever the age of drivers and 
body weight. 
4.2.3.14 Modellin g the Injury Risk Factor (IRF) 
The next step is to develop the best possible prediction model for IRF using the full set of 
data. By performing a non-linear regression analysis on parameters, a model describing the 
relationship between IRF and the independent variables has been obtained. The equation 
(4.6) of the fitted model becomes: 
f r —7--TT \ 
IRF{%) = 1 
S*p 1.9 
715.11 + 1.75^^^^^^^ ^*M*cos(^) 
2^ 
wifhR'=95.7% (4.10) 
The adjusted R-Squared statistic, which is more suitable for comparing models with different 
numbers of independent variables, indicates that this model explains 95 %> of the variability 
in IRF. Figure 4.14 illustrates the correlation between the observed results obtained by 
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4.2.4 Discussio n 
To validate the model of prediction of the injury risk factor, the numerical results of the 
computed forces have been compared with those published in literature. The compressive 
forces have been computed at the level of the motion segment L3-L4 for an intermediate 
person (posture angle of 15°, area at the disc of 1500 mm ,^ body weight of 75 kg and 
damping rate of 10%), 20%) and 30%). This motion segment was chosen in order to compare 
our results with those found in the literature. These forces can be estimated for various 
acceleration amplitudes applied to the seat. For an intermediate bone structure and body 
weight (75kg), the dynamic maximum compressive force transmitted at L3-L4 by applying 
acceleration amplitude of 3.15 m/s^ at the vertical resonance frequency, is computed at 721 
N, 380 N and 275 N for damping rates of 10%, 20% and 30 % respectively. The maximal 
compressive force, combining static and dynamic efforts, acting at L3-L4 segment is ranging 
from 675 N to 1121 N, accordingly to the damping rate. The dynamic sfresses cr^ „^ are 
determined from our dynamic model (Eq.4.4). The constant B (Eq.4.4) is equal to 0.62 and 
the correlation coefficient R^  is of 96.5%). 
In the literature, fe w article s dealing with the dynamic forces applied to the lumbar spine 
were found. Through experiments, Fritz (2000) determined a maximum load at level L3-L4 
of 634 N for an acceleration of about 4.9 m/s^. Verver et al (2003) estimated the compressive 
and tangential loads on the whole spine (from interface L5-S1 to interface C1-C2). At 
resonance, the compressive load on level L3-L4, for an acceleration of 3.9 m/s^, ranged from 
581 N to 852 N according to the type of seat. Hinz et al (1993) developed a biomechanical 
model for the determination of the compressive load at level L3-L4 by using an effective 
weight of the human body on L3-L4 and a relative acceleration of 2.9 m/s^. The maximum 
load was estimated at 657 N. Thomas et al (2004) have shovm that a healthy driver working 
240 days a year could have a high probability of an adverse health effect after 12 years of 
continuous work if he was exposed to an harmonic excitation with acceleration amplitudes 
'y 
from the seat greater than 3.15 m/s , which produces a compressive force about 980 N. Table 
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4.5 shows that the forces, computed in the present study, are in the same range than those 
reported in literature, with some higher values. This can be explained by the excitation 
apphed at the natural frequency of the system. 
Table 4.5 The L3-L4 maximum compressive forces compared 
to those published in literature 
Present study 
Thomas et al (2004) 
Verver et al (2003) 
Fritz (2000) 
Hinz etal (1993) 














675 to 1120 
980 
581 to 852 
634 
657 
A non-linear relationship has been developed between the dynamic sfresses at the resonant 
frequency, the damping rate, the posture angle, the body weight, the bone structure and the 
y 
acceleration amplitudes (m/s ) measured at seat (Eq.4.4). 
The model of prediction of the dynamic sfresses has been compared to experimental results 
published by Seidel et al (1998). In order to discover the relationship between external peak 
accelerations measured at the seat and the internal peak loads, biodynamic data of 
experiments (36 subjects, three body types, two different postures relaxed and bent forward; 
random WBV with rms accelerations of 1.4 m/s^ containing high fransients ) were used as 
input to a biomechanical model. Intemal pressure changes were calculated using individual 
areas of vertebral endplates. The assessment of WBV was based on the quantitative relations 
between peak accelerations at the seat and pressures predicted for the disk L5/S1. Seidel 
developed from experiments a model to estimate the mean dynamic and the total sfresses at 
L5/S1 for young peoples (21 years old) having a mean mass (68 kg), three bone areas (1753 
mm ,^ 1963 mm^ and 2024 mm^) and two posture angles: the driving posture D and the bend 
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forward posture BF. Table 4.6 shows the parameters considered by Seidel et al (1998). The 
total compressive sfress (otot = a^™ + o^^^^) were related to the bone structure, the posture and 
the acceleration at the seat. The damping was not considered (mostly damping rate is about 
30%) for a young driver). 
Table 4.6 Experimental conditions 
From Seidel et al (1998) 












In the driving posture, Seidel et al (1998) plotted the sfresses at L5/S1 against disc surface 
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Figure 4.15 illustrates the relationships between the total compressive stresses Otot and 
acceleration computed at the natural frequency of the lumbar spine in vertical direction by 
our numerical model (using conditions of experimental tests sited in Table 4.6) and the 
experimental model (Eq.4.12) developed by Seidel et al (1998). The results show that the 
sfresses obtained from our numerical model agree very well with the experimental model 
proposed by Seidel et al. (1998), for a similar anatomy. Our new model presents the 
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Figure 4.15 Tota l compressive stresses with acceleration at the seat, 
at resonant frequency for a damping rate 30% 
(S=1963mm^ M=69Kg) . 
The Injury Risk Factor (IRF) (equ.4.10) may also be expressed according to the acceleration 
amplitude at the seat, the age and the corresponding osseous densities and, the damping rate. 
For an intermediate body of different ages (intermediate bone structure S=1500 mm , 
intermediate body weight M=75 kg and intermediate posture angle: 9 =15°), Figure 4.16 
shows the relationship between the Injury Risk Factor and the acceleration amplitude 
recorded at the seat and when exciting the lumbar spine at its natural frequency. 
As expected, the results show that the risk of injury increases with the age because the 
osseous density and the damping rate decreases. By considering a healthy person, 
acceleration amplitudes of 3 m/s^ applied at the seat exciting the lumbar spine at its natural 
frequency can produce a risk of damage of only 11 % for a young driver (25 years) by 
considering an apparent density of 0.3 g/cm and a damping rate about 30%,  while, for the 
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same level of excitation, the Injury Risk Factor increases to 17.5 % for a 45 years old driver 
(apparent density of 0.24 g/cm ,^ damping rate of 25%) and to 33 % when the driver is 65 
years old (apparent density of 0.18 g/cm^ and damping rate of 20%)). 
Figure 4.16 Injur y Risk Factor with acceleration amplitude at the seat 
S=1500 mm^ 9 =15° et M=75 kg. 
By considering an IRF of 30%), Figure 4.16 shows that the acceleration recorded at the seat 
has no significant effect for yotmg drivers (25 years old). However, it must be limited to 
amplitudes lower than 7.5 m/s^ for a 45 years old driver and lower than 2.7 m/s^ for a 65 
years old driver, if the excitation is maintained at the natural frequency of the lumbar spine, 
like it is the case when driving on roads that present shocks or random excitations. Figure 
4.17 shows the relationship between the acceleration threshold (A3o%) and the age of drivers 
for an intermediate body (intermediate body weight, bone sfructure and posture angle): 
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Figure 4.17 Acceleratio n threshold with age driver for Injury 
Risk Factor of 30%. 
The long term injury may also be estimated by using the approach described in ISO 2631-5 
(2004). This guide proposes a model to predict the long term injury F as: 
n 
nX 
Sed Ne (4.15) 
a„ 10 0 
(4.16) 










If we replace the relationship of density and damping (Eq.4.8 and 4.9) into Eq.(4.17), the 




5'*(0.3-0.003n) 1.9 7.15+0.0175 
^l+(0.6-.005n)^ 





• N is number of days of exposure per years. 
• n is the number of years of exposure from 25 years. 
• S is the cross sectional section at L3-L4 vertebrae. 
• A is the acceleration amplitude at the seat. 
• M is the body weight. 
• 6> is the posture angle. 
If we consider an intermediate driver (75 kg, S =1500 mm ) in a posture of 15 degrees who 
begins his work at 25 years old and is exposed to a 2.7 m/s^ acceleration level during 240 
days per years, the same driver will have a cumulative injury risk F equal to 80%  when he 
will be 65 years old. A driver with a heavier weight (98 kg, S =1200 mm^ ), in the same 
posture of 15 degres, who begins his work at 25 years old and is exposed to a 2 m/s 
acceleration level during 240 days per years, will have a cumulative injury risk F of about 
100% when he will have 65 years old. These examples confirm that the level of acceleration 
fy 
must be controlled to amplitudes less than 2 m/s if we want to avoid any risk of injury 
whatever the driver, his weight, bone surface and age. 
4.2.5 Conclusio n 
The methode by design of experiments method allows for statistically analyzing results 
which show a large variability between individuals, such as weight, size, sex, age, etc. A 
finite element model of lumbar spine was developed by using a paramefric model because 
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this strategy allows for a very quick simulation of various anatomies (robust, average or frail 
body-types). The dynamic model that has been developed is aimed at computing the dynamic 
mechanical sfresses of the lumbar spine produced by whole-body vibrations of a person in a 
seated position in order to evaluate the risk of adverse health effect which could occur for 
professional drivers by considering the effect of the posture, the damping rate, the body 
weight, the bone sti-ucture and the apparent density. This parametric finite elehient model was 
vahdated by using published results of forces calculated at the L3-L4 and the experimental 
dynamic sfresses estimated at the L5-S1. An Injury Risk Factor (IRF) was developed for any 
given vibratory amplitude coming from the seat. 
From 972 computations, an ANOVA analysis revealed that the osseous density is definitely 
the most important factor affecting the risk of fracture. The effects of the interactions 
combining density and damping rate were found more significant than all the other 
combinations of variables on the injury risk factor. It was found that the risk of adverse 
health is more significant if the apparent densities is lower than 0.2 g/cm^ and if the damping 
rate is lower than 20%. These effects are related to the age of drivers and this study 
confirmed that older drivers present a more significant probability of injury than the 
younger's one. If an Injury Risk Factor of about 30%) is defined as a limit of endurance in 
order to avoid fatigue problems, the results show that drivers older than 45 years old are 
susceptible to long term injury and that his weight has a significant effect. If we consider a 
driver with a light weight and an apparent density of 0.2 g/cm ,^ an excitation acceleration of 
3.0 m/s^ applied to the seat has been considered as a threshold hmit in order to have a small 
probabihty of injury. This vibration threshold must be reduced to 2.7 m/s^ if the weight 
'y 
increases to 75 kg and to 2.0 m/s if the weight is 98 kg. Consequently, the level of 
acceleration must be controlled to amplitudes less than 2.0 m/s^ (1.4 m/s^rms) if we want to 
avoid any risk of injury whatever the driver, his weight, bone surface and age. 
In the future, the numerical model will permit the evaluation of the mechanical fatigue of the 
lumbar spine exposed to the continuous whole-body vibrations and thus the prediction of the 
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lifespan of the vertebrae exposed to low-frequency and low amplitudes dynamic loads during 
a very long duration. 
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CHAPITRE 5 
PREDICTING THE ADVERSE HEALTH EFFECTS TO LONG TERM 
WHOLE-BODY VIBRATION EXPOSURE 
5.1 Presentatio n 
Cet article a ete pubhe en Mai 2009 dans les actes des comte-rendu de la conference 
intemationale sur I'ingenierie des risques industriels (CIRI 2009) et est sounus au Joumal JI-
ERJ pour publication: 
Ayari H., Thomas M., Dore S., Taiar R. and Dron J.P. , Mai 2009, Predicting the adverse 
heath effects  to  long  term  whole-body  vibration  exposure.  Proceedings of the 2" 
intemational Conference on Industrial Risk Engineering CIRI-2009, Reims, 19 pages. 
Dans I'article 1, nous avions aborde la fatigue ohgocyclique des vertebres lombafres 
exposees aux vibrations mecaniques de hautes amplitudes d'apres une etude deja publiee 
dans la litterature pour metfre en evidence les paramefres importants de I'etude. Dans I'article 
2, on a developpe un modele parametrique par elements finis afin de calculer les contraintes 
dynamiques que subissent les vertebres suite a tme excitation dynamique et dans I'article 3, 
ce modele a ete applique pour differentes corpulences d'individus et un critere de risque pour 
la sante a ete developpe. Des limites de niveaux d'accelerations limites en etaient ressorties. 
Pour completer ces etudes, Tobjectif de cet article (4) est de decrire une approche permettant 
d'evaluer les limites d'exposition aux vibrations du corps entier (WBV) pour eviter les 
dommages par fatigue des vertebres du rachis, en particulier pour le cas d'excitations 
harmoniques et aleatoires (basse et moyenne amphtudes). L'evaluation du comportement en 
fatigue est basee sur le modele par elements finis parametrique de I'unite vertebrale L4-L5, 
par la quantification de relations entre les accelerations (mesuree au siege) et la repartition 
des confraintes dynamiques sur I'unite L4-L5. Cet article presente un nouveau modele de 
fatigue permettant d'estimer le risque de dommage par fatigue sur les vertebres lombaires. 
Les lois de fatigue utilisees dans le modele numerique proviennent de resultats frouves dans 
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la htferature et ne sont que partielles. La validation du modele de fatigue est done basee sur la 
comparaison des resultats obtenus avec quelques resultats de tests de fatigue effectues sur des 
vertebres lombaires cites dans la litterature. Le present modele n'a pu efre valide pour les 
basses amplitudes de vibration (fatigue par endurance), vu le manque de donnees dans la 
litterature sur la limite d'endurance des vertebres du rachis. Une etude experimenfale sur les 
lois de fatigue des diverses composanfes du modele permettrait sans doute d'ameliorer la 
precision des resultats obtenus. 
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5.2 Articl e 4 
PREDICTING THE ADVERSE HEALTH EFFECTS TO LONG TERM WHOLE-
BODY VIBRATION EXPOSURE 
Ayari H., Thomas M., Dore S. 
Ecole de Technologie Superieure, 1100 Notre-Dame Ouest, 
Monfreal, Quebec, Canada H3C 1K3 
Resume 
L'objectif de cet article est de decrire tme approche permettant d'evaluer les limites 
d'exposition aux vibrations du corps entier (WBV) pour eviter les dommages par fatigue des 
vertebres du rachis, en particuher pour le cas d'excitations harmonique et aleatoire. 
L'evaluation du comportement en fatigue est basee sur un modele par elements finis 
parametrique de I'unite vertebrale L4-L5, par la quantification de relations enfre les 
accelerations (mesuree au siege) et la repartition des contraintes dynamiques sur I'unite L4-
L5. Conmie prevu, il est demonfre que Ie risque de dommage augmente avec l'age en raison 
de la perte de proprietes mecaniques (module d'Yotmg, densite osseuse, confrainte ultime et 
amortissement des disques intervertebraux). Sous I'hypothese que les vibrations excitent la 
frequence de resonance de la colorme lombaire due a l'aspect aleatoire ou fransitoire des 
excitations provenant de la route, cette etude a revele une relation quantitative enfre la limite 
de I'acceleration mesuree au siege et la duree de l'exposition. II est fonde qu'une acceleration 
'y 
de 2.3 m/s peut efre consideree comme un seuil limite afin d'eviter tout risque de fracture 
apres 40 ans d'exposition. 
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Abstract 
The objective of this study is to describe a method in order to evaluate the long term 
exposure limits to continuous whole-body vibration (WBV) before the occurtence of fatigue 
failure, especially in the case of harmonic and random excitations. A parametric finite 
elements model of lumbar rachis has been generated in the aim to compute the dynamic 
sfresses and estimate the mechanical fatigue imder dynamic excitations. The assessment of 
WBV is based on the quantitative relationships between accelerations (as measured at the 
seat) and the dynamic sfresses predicted at the L4-L5. A new model of fatigue behaviour has 
been developed in order to estimate the risk of adverse health effects arising from mechanical 
vibrations. As expected, it is shown that the injury risk increases with the age due to the loss 
of mechanical properties (Young modulus, bone density, ultimate sfress and damping of the 
intervertebral disc). Consequently, the excitation amplitude must be hmifed to lower levels 
when the age increases. The results have revealed that the excitation acceleration applied to 
the seat must be limited to levels lower than 2.3 m/s^ in order to avoid any risk independently 
of the driver's age and morphology. This level has been considered as an endurance limit of 
the fatigue behaviour. 
Keywords: Adverse health effect. Whole-body vibration, Fatigue, Ageing, Design of 
experiment. 
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5.2.1 Introductio n 
Literature reports many epidemiologic investigations carried out to estabhsh a link between 
exposure to upper body vibrations and spine disorders. They show that there is an association 
between the professional exposure to vertical vibrations transmitted to the upper body and an 
increased risk of adverse health effect [1-5]. Long term Whole Body Vibrations (WBV) can 
generate adverse health hazards for the lumbar spine, especially at the three lower vertebrae 
(L3-L5). Several bibliographical reviews have indeed been published over the past 15 years 
which show a higher occurrence of low back disorders among populations exposed to 
dynamic loading, such as heavy equipment drivers, tractors, bus, mefro, industrial 
equipments, than with the general population [6-10]. Available epidemiologic data is 
however not generally sufficiently powerful to establish a dose-effect relationship between 
exposure to whole-body vibrations and the risk of lumbar disorders. In fact, experimental 
studies have sho^m that dynamic loading induces dynamic stresses, principally compressive, 
in the spine, that can produce microfractures in the endplates and vertebral body [11-15]. The 
magnitude and distribution of loads on stmctural components of the lumbar spine vary 
considerably based upon numerous factors, and these will influence the sfmctures and/or 
pattems of failure observed. Among the factors influencing load magnitude and distribution 
are the posture [16], the amount and distribution of the bone mineral content, the size of the 
vertebral bodies and discs [13, 17], the degree of the disc degeneration and the magnitude of 
the compressive and shear forces imposed upon the spine. 
The long-term exposure of the human body to vibrations may lead to mechanical fatigue [18-
20] and low-back problems due to microfractures in bones (cortical and cancellous), on 
endplates and microlesions in the intervertebral discs [21]. Even if the dynamic loading 
amplitude can appear as low, such a repetitive loading induces mechanical sfresses that may 
cause microfractures in bone and low-back pain after a long term exposure with a large 
number of excitation cycles. The risk of damage by mechanical fatigue may be considered 
not significant for young drivers due to the regeneration effect, but it can be critical for old 
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drivers due to the loss of the mechanical properties of bones (Young's modulus, density, 
ultimate sfress) and intervertebral discs (damping) [22-25]: 
• The first experiment on fatigue fracture of the lumbar was reported by Hardy et al [26]. 
The authors examined the effect of cyclic axial compression and cyclic axial transverse 
bending on ten fresh and five embalmed human lumbar spines (five lumbar vertebrae and 
intervertebral discs). The compressive cyclic load ranged between 500 and 4500 N at a 
loading rate of 2 Hz. Compression fractures of vertebrae occurred after 1 290 000 cycles. 
Annulus injury was not observed in this loading mode. 
• Adams et al [27] performed cyclic flexion fatigue tests at a frequency of 0.67 Hz on 41 
human cadaveric lumbar intervertebral joints. The mean peak load applied to the 
segments was 3076 N, individual loads being based on the age, sex, and body weight of 
the respective cadaver. 27% of the specimens failed either with endplate fractures or 
anterior cmsh within 9600 cycles. They also observed formation of poster lateral radial 
fissures in the annulus of segments with degenerated discs. 
Liu et al [28] tested eleven human lumbar intervertebral joints. Cyclic axial load at a 
frequency of 0.5 Hz was applied between 37%o and 80%) of the ultimate compressive 
sfrength of vertebral bodies. The experiment was conducted at room temperature. The 
authors noted in five specimens, loaded between 60%) and 80% of the mean ultimate 
compressive strength, an abmpt increase in the maximum compressive displacement at 
load cycle numbers lower than 2000. This increase in compressive displacement, 
equivalent to an irreversible height loss of the specimens, was interpreted as a sign of 
compression fracture. Fractures were observed in trabecular bone and in endplate. 
Hansson et al. [14] exposed 17 lumbar motion segments from eight spines to a 0.5 Hz 
sinusoidal dynamic compressive loading regime. Specimens were aged between 37 and 
82 years. Testing was performed at room temperature. The applied load varied between 
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60% and 100%) of the ultimate compressive strength. Failures occurred between 1 and 
950 cycles. Their observed failure damage was Schmorl's node and cenfral endplate 
fracture - i.e. primarily related to failure of the trabecular bone beneath the endplate. 
• Brinckmaim et al [13] carried out an extensive study on 70 lumbar motion segments 
exposed to a 2s rise time triangular (0.25Hz) compressive regime. Testing was performed 
at 37C°. The apphed load varied between 20% and 70% of the ultimate compressive 
sfrength. Tested failure was recorded when a step occurred in the deformation-time 
curve. This usually resulted in extmsion of bone marrow. Most of the fractured 
specimens had damages at the endplate. They found that at loads less than 30% static 
sfrength, failure was rare and they argued that a normalised sfress of 30%o could be 
regarded as an endurance limit for in vivo exposure. 
• Gallagher et al [12] tested thirty-six human lumbar motion segments. Fatigue tested using 
spinal compressive and shear loads that simulated lifting a 9 kg weight hi three torso 
flexion angles (0°, 22.5° and 45°). The equivalent loads ranging 25% to 60%) the ultimate 
compressive load. Motion segments were creep loaded for 15 min and then cyclically 
loaded at 0.33 Hz until failure or the maximum number of cycles (10000) was completed. 
25 of the 36 segments failed via fatigue prior to the 10 000 cycle maximum under applied 
loads ranging from 40%) to the 60%). These specimens were visually inspected and 
dissected so that the mode of failure could be determined. Failure modes included 
endplate fractures, vertebral body fractures, and/or zygapophysial joint dismption. A new 
classification scheme characterizing the nature of the endplate was developed in this 
investigation. The classification scheme of the endplate fracture completes those 
identified by Brinckmaim et al. [13]. 
The vertebral endplate appears to be the tissue most likely to experience initial failures in 
tests of the both ultimate compressive sfrength and fatigue failure [12]. Vertebral body 
fractures and dismption of the zygapophysial joints are also observed in compressive loading. 
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However, failures of the intervertebral discs are less frequent. Discs may fail when 
compressed in flexion [12, 27] or combined with an axial twist, or as the resuU of the cascade 
initiated by the endplate failure. Research using porcine models has suggested that disc 
hemiation can also be caused by repeated flexions and extensions under moderate 
compressive loads. Table 5.1 summarized the fatigue test specifications found in literature 
and describes the various parts of lumbar spine that have been affected. 
On the other hand, several authors have developed numerical models to describe the fatigue 
behaviour of cortical bone [29-35] and the fatigue behaviour of frabecular bone. Guo et al 
[34] has modelled frabecular bone as an idealised two-dimensional honeycomb-like stmcture 
made up of an array of hexagonal cells. Each frabecula was modelled as a linear elastic beam 
with the properties of cortical bone. Taylor et al [35] has simulated the fatigue behaviour of 
cancellous bone based on the assumption that the fatigue behaviour of trabecular bone is 
similar to that of cortical bone using continuous damage mechanics (CDM), accoimted for 
both modulus degradation and the accumulation of permanent strain, with a FE approach. 
On a global level, the fatigue behaviour of whole vertebrae depends on the interaction of 
behaviour of all components (cortical and trabecular bone, endplate, intervertebral disc). Due 
to the complexity of vertebrae, few numerical models were developed in order to simulate the 
fatigue behaviours of whole vertebrae. Since data on the endurance limits of vertebrae in the 
high cycle range are not available; therefore, results of testing other bones (cortical and 
trabecular bone, cartilage, and intervertebrale disc) were used to simulate the fatigue 
behaviour of whole lumbar vertebrae. Then the main objective in this study is to complete the 
endurance fatigue behaviour information of lumbar vertebrae exposed to vertical vibration. 
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5.2.2 Th e finite element model of lumbar spine 
Two models have been developed: one considers a single motion segment (L4/L5); and one 
considers the lumbar region of the spine (L1/L5), composed of four motion segments. A 
parametric finite element model of the lumbar spine (L1-L5) and the motion segment (L4/L5) 
were generated in a CAD (Pro-Engineer) software application by considering the parametric 
equations describing the shape of vertebra and intervertebral disc, as established by Lavaste 
et al, (1992) [36]. The morphometrie dimensions have been considered as measured on 
various vertebral bodies by Berry et al, (1987) [37]. Figure 5.1 illustrates the main parameters 
of lumbar vertebrae. The lumbar spine is composed of 33 bodies (annulus, nucleus, endplate, 
cortical shell and cancellous bone) and 54 zones of contacts are defined between the bodies. 
The volumes in each of the models were meshed separately with their meshing parameters. 
Owing to the geometrical complexity of the spine, the finite element mesh has to be fafrly 
fine. The cortical shell, the posterior elements, the cancellous bone and the endplates were 
meshed by using 3D fefrahedral elements with 10 nodes (Ansys software: Solid 187). This 
type of element was selected because it allows a good interpolation of exfemal geometry. The 
nonhomogeneous stmcture of the intervertebral disc was taken into account as is usually 
done in other finite element models. The aimulus fibrosus was modelized as a composite 
material. 
Table 5.1 Synthesis of fatigue tests 
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Authors 
Gallagher [12 ] 
Brinckmann[l3] 
Hansson [14 ] 
Hardy [26 ] 
Adams [27 ] 
Liu [28 ] 
Lafferty [29 ] 
Test specification s 
Compressive and 
shear loads 
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Figure 5.1 Mai n parameters of lumbar vertebrae. 
The nucleus pulposus was modelled by using volumic elements with a Poisson coefficient of 
0.499 representing quasi isovolomique behaviour. In this model, two types of nonlinearity 
are considered, the geometrical nonlinearity of the vertebrae and the nonlinearity of the 
contact between the posterior elements. The contacts are modelled with contact elements 
(Target 170 with 8-node, and Conta, 174 with 8-node). In vivo, a relative motion between 
posterior elements is assured by articular cartilage. Consequently, a very low coefficient of 
friction has been applied to model the relative motion of cartilaginous structures. The contact 
element used for modelling the connection between the posterior elements has been chosen 
as 'frictionless' type. Springs of low stiffness are added to the contact elements model in 
order to insure continuity. The total number of elements is about 36500 with 83808 nodes. 
Once the rachis model is generated, dynamic analyses are carried out on the model through 
the finite elements Ansys Workbench (Ansys© workbench). The mechanical properties of 
the various elements (cortical shell, cancellous bone, posterior elements and cartilaginous 
endplates, intervertebral disc) forming the vertebral body were deduced from literature [38-
40]. The materials properties are given ui Table 5.2. 
Model of the L4-L5 is composed of 12 bodies (annulus, nucleus, endplate, cortical shell and 
spongy bone) and 18 zones of contacts are defined between the bodies. The meshing 
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parameters are same as of the rachis model. However the annulus matrix of the intervertebral 
disc was modelled as a non-linear hyperelastic material. The total number of elements is 
about 50292 and the number of nodes is 112377. The meshing of the L4-L5 is shown in 
Figure 5.2. 
Figure 5.2 F E models of L4-L5. 
Once the L4-L5 model is generated, fatigue analyses are carried out on the model through the 
finite elements Ansys Workbench (Ansys© workbench). For the dynamic analysis of the 
lumbar spine, a disfribufed mass of about 57%) the body weight was applied to the upper face 
of the spine [19, 38] for modelling the upper body. Within the framework of fatigue analysis, 
the lower face was subjected to various vertical accelerations ranging from 0.31ms- to 3.15 
ms"^ . These acceleration amplitudes were chosen fri the range that can be met in industry in 
order to represent a range from very low risk to high risk. These values are in accordance 
with the values defined in ISO 2631-1 [41] curves for describing the vertical acceleration 
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exposure limits based on frequency and duration. In order to simulate the effects of 
mechanical shock [42] encountered on rough roads, the fatigue analysis was also conducted 
by inputting very high levels of seat acceleration (10 to 40 ms-2). For the fatigue analysis of 
the L4-L5 segment, a force was applied to the upper face of the units. The lower face was 
fixed in all directions. 


















ET - Transversa 





















5.2.3 Fatigu e behaviour 
5.2.3.1 Fatigu e behaviour of the cortical bone 
Extensive research on fatigue fracture of cortical bone has been performed using 
standardized test pieces machined from specimens of cortical bone. The main objective of 
these experiments was to obtain basic information on the mechanism of fatigue in bone 
material and to determine the dependence of cycles to fracture on parameters such as stress 
(a), sfrain (e), strain rate {s) and temperature (T). 
The most extensive research on fatigue behaviour of cortical bone has been carried out by 
Carter et al [43]. In order to simulate in vivo conditions, these authors tested fresh specimens 
in a humidity and temperature confrolled environment. In cortical bone, the cycles to failure 
N depend on the sfress amplitude and temperature T. 
log(2N)= Alog(a) + BT + C (5.1) 
where A, B and C denote constants fitted to the experimental data Carter and Hayes [43]. 
Experimental data are available for failures after 10"* to 10^  cycles. Carter et al [43] have 
provided additional low cycles, high sfress failure data that extend this relationship to still 
lower values of N (10 to lO''). It is clear that the cortical bone, in vifro, is very sensitive to 
fatigue failure. Furthermore, there is no evidence of a fatigue limit in any of these studies. 
That is, there is no minimum sfress, below which bone not fail in fatigue, at an infinite 
number of cycles. This absence of such a fatigue or endurance limit is conunon in 
engineering materials that are either highly defective, e.g. filled with small defects or that are 
tested in chemically corrosive environments. Figure 5.3 described the behaviour of fatigue 
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Figure 5.3 Fatigu e curve for a compressive loading of human cortical bones. 
Tiree de [43] 
5.2.3.2 Fatigu e behaviour of trabecular bone 
The fatigue of vertebrae depends on the trabecular bone behaviour. A lot of studies have 
shown that the fatigue behaviour of trabecular bone is similar to the behaviour of the cortical 
bone. The frabecular bones present a Yotmg's modulus of 20%) less than the cortical bone 
modulus and the S-N fatigue curves have similar slopes, but with lower stresses. Haddock et 
al [44] tested 35 cores of fresh and frozen elderly human vertebral trabecular bones, extracted 
from nine donors (ages from 37 years to 97 years old). The tests were biomechanically 
conducted in compression. A relationship was derived between the number of cycles before 
damage N and the applied sfresses a (MPa), with a coefficient of determination R of 54%o. 
iV = 4.57xlO -18 
-8,54 
(5.2) 
where E ist the Yotmg modulus (MPa). 
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5.2.3.3 Fatigu e behaviour of the cartilage endplates 
The endplates are thin layers of hyaline cartilage that cover the central region of the vertebral 
body endplates on the disc. Physically, this tissue is similar to articular cartilage near its 
junction with bone, but unlike articular cartilage, it is only loosely bonded to the underlying 
bone presumably because it is always pressed up against the bone by the hydrostatic pressure 
of the nucleus. Hyaline cartilage is a connective tissue with an abundant exfracellular matrix 
that combines the properties of toughness and compressive strength. It has a sparse 
population of cells (chondrocytes) but contains no blood vessels or nerve endings. It provides 
a low-friction and low-wear bearing surface, and is able to distribute loading evenly on the 
underlying bone. Vertebral body endplates are usually flat in yotmg adults, but develop a 
marked concavity with increasing age, and this may be indicative of repeated minor injuries 
to the endplates themselves or to the vertically oriented frabeculae which support them. 
Although fatigue has been implicated in cartilage failure, few studies can be foimd in 
literature. One research [45] tested articular cartilage along the perpendicular direction. This 
type of test corresponds perfectly with loadmg in endplates of vertebrae exposed to vertical 
vibration. This study investigated cartilage responses to the fatigue cyclic tensile loading, 
applied under physiological conditions. In this study, only one human knee, 48 years old, has 
been used. The degree of cartilage degeneration was visually assessed to single out fibrillated 
regions. A logarithm relation between the applied tensile sfresses a-*- (MPa) and number of 
cycles to failure N has been established. This relationship can be expressed as: 
a-^ = 2.74 - 0.22 Log,,{N) ^^^-^ 
where a-*- is the perpendicular tensile sfress to the collagen fibres. 
The number of load cycles to failure N thus varied from 20 to 1.5 10^  cycles in a range of 
stresses varying between 1 and 3 Mpa. In order to consider the ageing effect on the cartilage 
fatigue, a similar approach to Winthmgnn model [46] has been used. The fatigue test has 
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been conducted in tension in the same direction than the collagen fibres of the articular 
cartilage. A relationship between the age, the stress and the number of cycles to injury has 
been derived: 
3.42-0.015 Y-0.22 LoglO(N) (5.4) G-
5.2.3.4 Fatigu e behaviour of the intervertebral disc 
Adams et al [27] have conducted tests by combining bending and compression loadings at 
the frequency of 0.67 Hz during 6 hours (14 400 cycles). From 29 specimens (average age of 
35 years old), 6 have presented radial cracks conducting to a slipped disk under a load of 
3500 N. They have observed radial cracks in the ring with a degeneration of the disc. From 
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Figure 5.4 Fatigu e curve of the intervertebral disc. 
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5.2.4 Result s 
5.2.4.1 Dynami c analysis 
The dynamic behaviour of the vertebral bone may depend on several variables such as: age, 
sex, posture, loading, excitation frequency and several other factors. In this study, we 
considered the principal following parameters: the posture (0), the body weight (M), the bone 
sfructure (S), the vibratory level (A) the frequency of excitation (f) and the damping rate (^). 
If it is supposed that all these variables are independent and quantifiable, the dynamic 
stresses can be expressed as: 
C^dyn-F(A,M,S,^,e, f) (5.5) 
In this study, a model, based on a single degree of freedom (1 DOF) system was applied for 
modelling the human body exposed to mechanical vibrations. By assuming that the excitation 
produces a vibration at the natural frequency (co = ©„) as drivers are usually exposed to 
random or transient excitations, a simplified model for computing the dynamic stresses has 
been developed from the transmitted force formulation by considering the body morphology 
(Mass M and cross sectional area at the intervertebral disc S) and the posture angle 9: 
2^ S 
where: 
• A the applied acceleration amplitude to the seat; 
• K is a statistical constant; 
• S the average cross-section of disc; 
• 0 the posture angle and; 
• ^ the damping rate; 
• M the body weight. 
^^l + {2^f A*M*^ ,- . . 5 . . 
^dyn^K-^^—^^ COS{0)  (^-O) 
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Using the FE model of the rachis, L1-L5, the dynamic sfresses observed on level L3-L4 were 
recorded. By performing a non-linear regression analysis on parameters, a model describing 
the relationship between Odyn and the independent variables has been obtained. The statistical 
constant K (equ.5.6) is calculated and it is equal to 0.62 (with a correlation coefficient R^  of 
96.5%). The analysis shows that for an intermediate body (body weight of 75 kg, 
intermediate posture 0 =15°; an intermediate bone structure S-1500 mm^ and a damping rate 
of 30%) the model of prediction of the dynamic sfresses (equ. 5.6) becomes: 
Odyn = 0.06 A (MPa) R^  =96.5% (5.7) 
5.2.4.2 Fatigu e analysis 
Numerical simulations have been conducted on the units L4-L5 in order to predict the fatigue 
behaviour of vertebrae of lumbar spine. Failures modes were analyzed. Figure 5 shows the 
stresses and number of cycles to failure on the endplates (Fig. 5.5 a, b) and on L5 vertebra 
(Fig. 5.5 c, d) under a cychc loading equal to 60% of the ultimate load. 
Accordingly to Brinckmaim studies [13], three modes of fractures can be identified: 
• Stellate fracture of endplate : two or more cracks running from the cenfre towards the 
periphery of the endplate (figure 5.5 a, b and e); 
• Disc intrusion : intrusion of the disc material into the trabecular bone observed in 
combination with some of the above fractures fypes(figure 5.5c, d and e) 
• Endplate depression: endplate deformed into a bowl shape the frabecular bone below 
the endplate fractured (figure 5.5 c, d and e). 
It can also be observed a squeezing effect on the endplate side (figure 5.5b). 
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Figure 5.5 Failure modes for applied stresses of 60% the ultimate stress. 
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Figure 5.6 show the number of cycles to failure for L4/L5. Two levels of stress have been 
applied compared to the ultimate stress: a) Aa/ou = 30%) and b) = 60%). Two modes of 
fractures can be observed: intrusion of the disc material into the frabecular bone and by 
endplate depression and the squeezing effect can also be observed. 
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Figure 5.6 Numbe r of cycles to failure of L4/L5 (a) 
for A(7/ffu = 30%; and (b) for Ac/cu = 60%. 
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5.2.4.3 Numerica l fatigu e behaviour of vertebrae 
Using the FE model of the motion segment L4/L5 and experimental curves aa-N for all 
components (section 5.2.3: behaviour fatigue), a fatigue analysis was made. For each 
excitation, the FE model computes the alternate stress Oa  in all elements and provides a 
fatigue sensibility for each component of L4-L5 (trabecular bone, cortical bone, endplate, and 
intervertebral disc). 
The results show that under a pure compressive harmonic load, the trabecular bone and the 
endplate of L4-L5 are more subject to failure. Figure 5.7 shows the number of cycles to 
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Figure 5.7 Number s o f cycles to failure for an intermediate driver . 
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The distribution of the number of cycles to failure N in the cortical bone is greater than 10 
cycles for an alternate stress of 0.5 Mpa which is corresponding to an acceleration excitation 
of 8.5 m/s^. For an applied stress of 0.5 Mpa that corresponds to 30%) of the ultimate sfress of 
whole vertebrae, the number of cycles before failure of trabecular bone is reduced to 10 
cycles. If the applied alternate stresses are greater than 1 MPa (that corresponds to 60% of the 
ultimate sfress of whole vertebrae), the number of cycles before failure of endplate and 
frabecular bone is reduced to 1000 cycles (<1000 cycles). These findings agree very well 
with those founded by experimental tests established by Brinckmaim et al [13] and Hanson et 
al [14] (Table 5.1). 
Using our predictive model for dynamic stresses (equ. 5.7) and by taking into account the 
effect of posture, damping and morphology, the number of cycles before failure N can be 
'y ^ 
expressed as a function of the rms acceleration limit A (m/s ) as measured at the dnver's seat 
applied at the natural excitation frequency fii (Hz) of the lumbar spine. Figure 5.8 describes 
the relafion between acceleration at the seat A (m/s^) and the number of cycles before failure 
N. An acceleration A of 2.3 ms'^  can thus be considered as an endurance limit. 
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Figure 5.8 Number of cycles to failure for an intermediate driver. 
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The number of cycles before failure of the trabecular bone can be expressed as a fimction of 
the excitation level of the rms value of acceleration at the seat: 
N=10'^A"^-^^ R^=99.7% (5.8) 
5.2.4.4 Evaluatio n of human exposure to random vibration 
Using the damage model D developed by Pidaparti ef al 2001 [47] and our predictive model 
for number of cycles before injury (equ.5.9), the rms acceleration limit A (m/s^) as measured 
at the driver's seat can be expressed as a function of the exposure duration T (years) and 
natural excitation frequency fii (Hz). The exposure duration in year considers that a driver is 
exposed to vibration during 1920 h/year, at the rate of 8hyday during 240 days a year. 
The used damage model D for bone is. 
D = l-{\-—y''' (5.9) 
where n and N are respectively the number of accumulated cycles and the number of cycles 
before injury (equ.5.9) at the excitation level of the rms value of acceleration A. The number 
of accumulated cycles 'n' submitted to the lumbar spine is the produce of the excitation 
frequency 'fit' (Hz) by the exposure 'f (second). The considered excitation frequency fri 
varied from 4Hz to 6 Hz. 
Then if the damage D is equal to 1 (D=l), the duration of exposure t (s) can be determined by 
equation 5.10. 
^Ql2^-7.98 
t{s) = (5.10) 
J n 
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The duration T in years is equal: 
T{years) = 
144618 A -7.98 (5.11) 
with fn is the natural frequency varied between 4 and 6Hz. 
Figure 5.9 represents the rms seat acceleration versus the exposure time for frequencies 
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Figure 5.9 Exposur e limit versus acceleration at the seat. 
The results show that if the excitation frequency was continuously excited the lumbar spine 
resonance due to random or fransient excitations coining from rough roads, the rms 
acceleration level should be lower than values ranging from 2.25 to 2.35 m/s , whatever the 
excitation frequency, in order to limit the probability of low-back disorders before 40 years 
of working. Furthermore, it is shown that acceleration amplitudes greater than 3 m/s2 could, 
in this case of excitation, present a high probability level of injury in a short duration of 
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exposure. These limit levels of acceleration should be carefully considered due to the sfrong 
assumption on the excitation frequency. However, if they were controlled at the seat, it is 
sure that the drivers should present a very low probability of injury. 
5.2.5 Conclusion 
The assumption of this research is that low-back pain occurs among drivers exposed to 
whole-body vibrations and that such vibrations may induce stresses liable to cause fatigue 
failure of the bone. The study enables the evaluation of lumbar spine mechanical fatigue 
when exposed to the continuous whole-body vibration for the prediction of the vertebral 
lifespan when subject to long-term exposure to low-frequency and low-amplitude dynamic 
loads. In doing so, it helps for vahdating the assumption that whole-body vibration can 
induce microfractures in the bony elements of the spine, which, in turn, can lead to adverse 
health effects. A finite element numerical model of the lumbar spine has been developed 
using a parametric model. Specifically, the model representing the L4-L5 motion segments, 
was generated to predict the sfresses and number of cycles to failure. The fatigue model is 
aimed for evaluating the potential risk of adverse health effects for professional drivers while 
in a seated posifion. Furthermore, the computed sfress/sfrain distribution has identified the 
osseous locations most susceptible for damaging: the frabecular bone and endplate. The 
results of this study are confined to the evaluation of a ride safety level. The proposed 
method is a general theoretical guide in order to estimate the long-term effect of repeated 
exposure of a human being subjected to a series of vibrations. Under the sfrong assumption 
that the excitation frequency continuously stimulates the resonance of the lumbar spine due 
to random or fransient excitations coming from the road, this study has revealed a 
quantitative relationship between the acceleration limit as measured at the seat accordingly 
with the exposure duration. If is revealed that an excitation acceleration of 2.3 ms-2 applied 
to the seat can be considered as a threshold limit in order to avoid any risk of fracture after 40 
years of exposure. This level is very conservative due to the assumption on the excitation 
frequency. This study is still at its preliminary development and aims to give a direction for 
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research. Eventually, this method could be generalized and many assumptions and 
parameters could be refined if technical data were available. The future of this research is 
may lead to investigate, by an experimental approach, the fatigue behaviour of lumbar spine 
in order to vahdate our model. 
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SYNTHESE 
L'objet principal de nofre fravail etait d'etablir une relation entre l'exposition aux vibrations 
de basses et moyennes amplitudes fransmises au corps entier et les maux de bas de dos du a 
la fatigue des os des vertebres lombafres. L'objectif secondaire de cette etude etait 
d'analyser l'effet des paramefres, acceleration, posture, poids, densite osseuse, amortissement 
et ossature sur Ie risque de maux de bas de dos du a la fatigue des os. L'etude est basee sur 
tm modele d'elements finis parametrique du rachis lombaire. 
Hypotheses de I'etude : 
• Les vibrations fransmisent au corps excitent les frequences de resonance du rachis 
lombaire (cas des chocs et vibrations aleatofres); 
• Les conducteurs sont exposes principalement aux vibrafions verticales et que les 
composanfes transversales sont negligegables; 
• Le taux d'amortissement du disque intervertebral varie lineairement avec l'age 
(manque de donnes disponible dans la litterature); 
• L'effet de fossafure est reliee directement a la surface moyenne discale S; 
• L'effet du veilhssement est infroduit par la perte de densite osseuse et la perte de 
I'amortissement du disque intervertebral; 
• L'effet de la posture est infroduit par I'angle de courbure sagittale. 
Nous avons axe nos fravaux autour de quafre articles de revue qui ont ete presentes 
integral ement dans les chapifres 2,3, 4 et 5: 
• Dans Ie premier article, nous avons developpe un modele de prediction de duree de vie 
permettant d'evaluer le nombre de cycles de fatigue avant dommage en fonction de la 
confrainte appUquee, de la densite osseuse et de l'age du specimen. Dans cet article nous 
avons prouve que les paramefres qui confrolent le risque de maux de dos par fatigue des 
os, oufre la confrainte apphquee, sont la densite osseuse et I'age du specimen. Dans cette 
etude, d'aufres' facteurs tels que Ie sexe, la race, le tabagisme, les maladies osseuses (le 
cancer et I'osteoporose) sont confondus dans la densite osseuse. Le modele developpe 
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dans cette etude et considerant les interactions entre les variables independantes permet 
d'amehorer la prediction par rapport a un modele qui ne tiendrait compte que de la 
contrainte appliquee. Toutefois, ce modele simple, etant base sur des etudes restreintes 
exposees dans la litterature, celui-ci n'a pas ete employe dans le resfe de I'etude. 
Le deuxieme article est consacre au developpement et a la validation d'un modele 
d'elements finis du rachis lombaire. Le modele d'elements finis est base sur une 
geometric parametrique des vertebres lombaires. La parametrisation a permis d'analyser 
I'effet de I'ossature et de la posture sur le comportement mecanique des vertebres 
exposees aux vibrations verticales. Le modele dynamique d'elements finis parametrique 
du rachis lombaire a ete valide par comparaison avec les resultats publies dans la 
litterature concemant le calcul des frequences propres, de la fransmissibihte et des 
forces. Un nouveau modele de prediction du risque de dommage (FRD) pour une 
personne intermediaire (ossature intermediaire ef posture intermediaire) a ete developpe 
dans ce travail. 
Le froisieme article est consacre a etudier I'effet de la posture, de la corpulence, de la 
densite apparente de I'os spongieux, de I'aire des vertebres, du taux d'amortissement du 
disque intervertebral, du poids des individus ainsi que l'amplitude de l'acceleration du 
siege a la resonance des vertebres comme variables independantes sur Ie risque des maux 
de bas de dos dus aux dommages des os. Un modele original de facteur de risque au 
dommage (FRD) en a resuhe. Fonde sur les resultats numeriques, un plan d'experience a 
ete mene avec Ie FRD comme variable dependante. Le plan d'experiences a compris 972 
simulations. L'effet de l'age a ete considere comme representant une diminution de la 
densite osseuse et du taux d'amortissement des disques intervertebraux. La methode des 
plans d'experiences permet d'analyser statiquement des resultats ayant tme grande 
variabilite entre les individus, comme le poids, la taille, le sexe, la densite osseuse, etc. 
L'analyse ANOVA a revele que la densite osseuse est Ie facteur le plus influant sur le 
risque de dommage. Les effets des interactions incluant la densite et le taux 
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d'amortissement sont les plus signifiantes sur le facteur risque de dommage (FRD) que 
toutes les aufres combinaisons de variables. II a ete demonfre que le risque des dommages 
est fres eleve si la densite osseuse est inferieure a 0.2 g/cm^ et si Ie taux d'amortissement 
est inferieur a 20%. Ces facteurs sont hes directement a l'age des conducteurs. Cette 
etude a confirme que les chauffeurs les plus ages presentent une probabilite de risque de 
dommage plus importante que les jeunes. Suite a I'etude de Brinkmann (article 1), tme 
valeur de 30%) du FRD a ete consideree comme une limite raisonnable de fatigue a long 
terme. En fonction de cette hypothese qui devrait etre vahdee experimentalemenf, les 
conducteurs ages de plus de 45 ans sont plus susceptibles d'efre affectes par les vibrafions 
fransmises au siege. Si on considere un conducteur avec tm poids leger (55kg) et ayant 
ime densite apparente de I'ordre de 0,2 g/cm ,^ tme acceleration de 3 m/s^ (soit 2.12 m/s 
rms) appliquee au siege peut etre consideree comme un seuil limite pour avoir une faible 
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probabilite de dommage. Ce seuil de vibration doit efre reduit a 2,7 m/s (soit 1.91 m/s 
rms), si Ie poids augmente a 75 kg et de 2 m/s^ (soit 1.41 m/s^ rms) si Ie poids est de 98 
kg. En consequence, Ie niveau d'acceleration doit efre confrolee a des amplitudes de 
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moms de 2 m/s (soit 1.41 m/s rms), si nous voulons eviter tout risque de dommage et 
ceci pour n'importe quel age, ossature, et poids du conducteur. 
Le quatrieme article fraite du comportement en fatigue a long terme des vertebres 
lombaires exposees aux vibrations du corps entier de basses amplitudes et basses 
frequences. Ce fravail contribue a la validation de I'hypothese que les vibrations de 
I'ensemble du corps peuvent provoquer a long terme des micro-fractures dans les os des 
vertebres lombaires, pouvant etre a I'origine de maux de bas de dos. Un modele par 
elements finis de I'unite L4-L5 a ete developpe pour predire les confraintes et le nombre 
de cycles avant rupture des vertebres. Les resultats de cette etude se limitent a 
revaluation d'lm niveau securitafre d'exposition aux vibrations a ne pas depasser. La 
methode proposee presente tm guide theorique afin d'evaluer l'effet a long terme d'une 
exposition a une serie de vibrations. Toutefois, les lois de fatigue utilisees pour 
caracteriser chaque composante du modele, sont celles frouvees dans la htterafure, et 
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peuvent done etre sujettes a caution, de par la rarete des resultats trouves. Sous 
I'hypothese que les vibrations excitent la frequence de resonance de la colorme lombaire 
due a l'aspect aleatoire ou fransitoire des excitations provenant de la route, cette etude a 
revele une relation quantitative enfre la limite de l'acceleration mesuree au siege et la 
duree de l'exposition. II est frouve qu'une acceleration de 2 m/s^ (1.41 m/s^ rms) peut efre 
consideree comme un seuil limite afin de diminuer la probabilite de risque de fracture 
apres 40 ans d'exposition pour un chauffeur dont les vertebres sont excitees 
continuellement a leurs frequences de resonance. Devant cette hypothese frop forte pour 
refleter la realite, il semble probable que la veritable limite soit plus faible de celle-
proposee, mais I'approche developpee vise ici a donner une direction pour la recherche. 
Finalement, cette methode pourrait efre generalisee et de nombreuses hypotheses et 
paramefres peuvent efre affines si les donnees techniques etaient disponibles. L'avenir de 
cette recherche vise done a etudier, par une approche experimenfale, Ie comportement de 
fatigue des vertebres lombaire, et a imposer des frequences d'excitation plus realistes, 
dans le but de vahder notre modele. 
Plusieurs points de discussions ressortent de ces 4 etudes theoriques : 
Les conclusions, issues de cette recherche s'appliquent a des personnes en bonne sante qui 
sont regulierement exposees a des vibrafions confenant des chocs repefes. Les individus ayant 
dans Ie passe souffert de troubles affectant la coloime vertebrale, y compris ceux souffrant 
d'osteoporose latente ou de tout autre frouble affectant la colonne vertebrale, sont plus 
susceptibles d'etre affectes. 
Seuil d'exposition aux vibrations 
Cette recherche demonfre que le niveau d'acceleration securitaire, pour eviter les risques de 
fracture des os par fatigue apres une longue exposition aux vibrations verticales fransmises au 
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corps humain, doit efre inferieur de 2m/s (1.41 m/s rms), si on veut tenir compte de tous les 
paramefres morphologiques et sfructuraux des individus. II est a noter que le niveau 
d'acceleration determine (2 ms"^  ou 1.41 ms""^  rms), est inferieur au niveau d'acceleration 
renconfre dans le cas des conducteurs des engins militaires a chenilles, des vehicules blindes, 
des engins agricole et des chargeurs (Tableau 1.1). 
. En revanche, les normes en vigueurs, tel que I'lSO 2631 et I'lNRS (Institut national de 
recherche et de securite, France), recommandent une limite inferieure au niveau 
d'acceleration determine a travers cette recherche. En effet, I'lSO 2631 recommande tm seuil 
d'acceleration ponderee egale a 0.9 ms''^  (rms) comme limite de sante pour tme exposition 
quotidienne de 8 heures et de 2 ms"^  (rms) comme un maximum pour le confort (limite 
consideree exfremement inconfortable). L'INRS, pour sa part, recommande tme limite 
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d'acceleration ponderee extreme egale a 1.15ms' (rms) pour une exposition quotidienne de 8 
heures. Nous explorons ci-dessous des raisons qui pourraient expliquer la difference enfre les 
resultats de la presente recherche et les seuils recommandes par les normes. 
Effet des vibrations sur le systeme musculosquelettique 
Les limites vibratofres, recommandees par les normes existantes, concement I'ensemble du 
systeme musculo-squelettiques (systeme nerveux, muscle, ligament disques et os des 
vertebres). Une difference pourrait venir du fait que les seuils d'acceleration, provenant des 
normes, incluent les accelerations fransversales et verticales (resultante de toutes les 
accelerations dans les 3 directions), alors que notre etude s'est restreinfe a etudier la vibration 
verticale, qui affecte principalement les vertebres. II est par consequent recommander 
d'inclure dans le modele des excitations combinees de torsion et de flexion, ce qui pourrait 
faire ressortir l'effet des disques intervertebraux, ligaments ef muscles, car il a ete demontre 
experimentalemenf que les mptures discales sont observees uniquement en cas des charges 
combinees, particulierement en cas de flexion - torsion, et ayant des amplitudes elevees. 
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Ainsi, le niveau d'acceleration determine dans cette recherche (2ms" ou 1.41ms rms 
comparativement a tme valeur moindre suggeree par les normes), est fres conservateur en 
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raison de I'hypofhese sur la frequence d'excitation (puisqu'il est impossible que ce niveau 
d'acceleration soit maintenu pendant toute une vie d'activite professionnelle), sur les effets 
des muscles, sur l'aspect de regeneration des tissus osseux, sur l'effet de la posture et sur 
I'effet de la degenerescence du disc intervertebral. II se pourrait done que Ie seuil de FDR de 
30%, a partir duquel le niveau d'acceleration maximal a ete determine, devrait efre revu a la 
baisse. 
Effet du vieillissement 
L'effet du vieillissement sur la densite osseuse est tres bien connu. En fait, une densite de 
0.1 gcm"^  est consideree comme seuil clinique de mpture de I'os (vofr article 1). Alors 
qu'une densite de 0.3 gcm''^  est consideree comme limite superieure, correspondant a une 
personne jeune en bonne sante. Les aufres valeurs calculees (0.18 gem' ef 0.24 gem") ont 
ete determinees en utilisant tme relation lineaire comme decrite dans la litterature (plus de 
details sur la relation enfre densite osseuse et vieillissement dans les articles 1, 2, 3). Bien 
que reffet du vieilhssemenf sur la densite osseuse est fres bien documente, il faut souhgner 
que la variation du taux d'amortissement du disque intervertebral, dii au vieillissement, au 
phenomene de fatigue des muscles ef au phenomene du fluage du disque intervertebral, n'est 
pas encore bien connu. En fait, la posture, le fluage et le degre de degenerescence du disque 
intervertebral (qui depend de I'age) influent sur Ie taux d'amortissement durant une meme 
joumee d'exposition (taux d'amortissement peut diminuer). En considerant cet aspect, le 
niveau d'acceleration limite des vertebres pourra probablement efre revise a la baisse. 
Effet de I'ossature 
La notion de rossature est consideree dans cette etude comme im paramefre rehe directement 
a la surface discale (hypothese inspiree de I'etude de Seidel et al (1998)). Malgre que I'efaf 
de confraintes depend directement de la surface discale (confrainte egale au rapport de force 
par surface), cette hypothese (type d'ossature rehe a la surface discale) reste encore a jusfifier 
et pourrait efre raffinee. 
CONCLUSION 
L'efat des coimaissances acfuelles monfre I'exisfence d'une relafion enfre l'exposition aux 
vibrafions globales du corps ef I'apparition de douleurs lombaires, et de lesions vertebrales 
ou degenerescence des vertebres lombaires incluant les affections des disques 
intervertebraux. Actuellement, peu d'outils sont disponibles pour estimer le risque de maux 
de dos du a une exposition prolongee aux vibrations globales du corps. Le guide ISO 2631 
pour revaluation de I'exposition aux vibrafions globales du corps fournit de 1'information 
sur les limites de confort et securite d'exposition joumaliere aux vibrations, mais est deficient 
a donner ime indication sur les consequences a long terme de cette exposition. Ainsi, 
l'objectif de cette recherche est de comprendre le comportement dynamique et en fatigue des 
vertebres lombaire exposees aux vibrations continues de basse amplitude et a etudier les 
effets des parametres vibratoires (frequence, acceleration) ef des parametres individuelle 
(age, densite osseuse, amortissement, posture, ossature ef poids corporel) sur la sante des 
conducteurs professionnels. 
L'hypothese que nous avons evaluee est que l'exposition continue de la colonne 
vertebrale aux vibrafions globales cause, a long ferme, la fatigue des os qui peuvent etre 
I'origine des problemes de maux de bas de dos. 
Nous avons choisi la modelisation par elements finis paramefrique plutot que 
rutilisafion de modeles d'elements finis figes ou des modeles masse ressort simples a mettre 
en oeuvre, ceux-ci ne permettant de modeliser qu'tm nombre limite de phenomenes, ef 
n'apportant pas d'elements de comprehension sur les mecanismes de deformation. La plupart 
des modeles par elements finis publies simulant le comportement vibratoire du corps humain 
sont des modeles soient figes ou des modeles masse ressort, valides pour un nombre resfreint 
de reponses. 
Nofre modele d'elements finis paramefrique a ete valide en comparant nos resultats 
avec ceux publies concemant les frequences propres, les modes propres ef les forces 
calculees au niveau de L3-L4. Le modele presente dans ce travail est base sur un modele 
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geometiique paramefrique des vertebres lombaires et simulant Ie comportement vibratoire du 
corps humain soumis a des vibrations verticales. Ce modele est parametrable en termes de 
posture et d'anthropometric. Oufres les parametres vibratoires (acceleration, frequences) et 
les paramefres mecaniques (densite osseuse, amortissement), trois ossafures combinees avec 
frois postures et trois poids corporels ont ete considerees dans cette etude. Cette etude permet 
la consideration de nombreux paramefres (amortissement, densite osseuse, posture, 
acceleration, poids du corps et ossature) dans l'analyse des dommages des os et dans la 
modehsation du comportement de fatigue des vertebres, lesquelles ont fait l'objet de peu de 
consideration dans les etudes portant sur revaluation des risques lies a l'exposition aux 
vibrations globales du corps. En ce sens, il s'agit d'tme contribution interessante au 
developpement de nouvelles coimaissances dans le domaine. 
Suite a une serie de simulations, un modele empirique original permettant de predire 
le facteur risque de dommage (FRD) a ete developpe dans le cadre de cette etude. Fonde sur 
les resultats numeriques, tm plan d'experience a ete mene avec Ie FRD comme variable 
dependante. La postture, la corpulence, la densite apparente de l'os spongieux, I'aire des 
vertebres (ossature), le taux d'amortissement du disque intervertebral, le poids des individus 
ainsi que famplifude de l'acceleration du siege a la resonance des vertebres ont ete 
consideres comme variables independantes. Le plan d'experiences a compris 972 
simulations. L'effet du vieillissement a ete considere en I'assimilanf a une diminution de la 
densite et du taux d'amortissement. 
Une analyse statistique ANOVA a revele que la densite osseuse a un effet plus 
important sur le risque de dommage (FRD) que les aufres paramefres. Les effets des 
interactions combinant la densite et le taux d'amortissement sont plus importants que toutes 
les aufres combinaisons de variables sur le facteur de risque de dommage. L'analyse a monfre 
que le risque sur la sante est plus important si la densite apparente est plus faible que 0.2 
g/cm"' ef si le faux d'amortissement est inferieur a 20%). Cette etude a ainsi demonfre que les 
conducteurs ages presentent une probabilite de fatigue plus grande que les jeunes. 
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Base sur les recommandations de I'lSO 2631-5-2004 et sur les resultats de 
Brinckmann et al (articles 2 et 3), un FRD egal a 30%o a ete definie comme une limite 
d'endurance pour la fatigue des vertebres. Les resultats monfrent que les conducteurs de 45 
ans et plus, sont plus sensibles a long terme a avoir des maux de dos. 
L'etude a permis d'evaluer la fatigue mecanique du rachis lombaire lorsqu'un 
individu, en position assise, est expose aux vibrations continues de basses frequences et de 
faibles amplitudes. Les resultats de fatigue, issus de cette etude, sont limites a revaluation 
d'un niveau vibratoire critique. La methode proposee est une approche theorique afm 
d'estimer les effets a long terme sur la sante des conducteurs exposes aux vibrations. Sous 
I'hypothese que les vibrations transmises au corps humain excitent la frequence de resonance 
de la colonne lombaire due a l'aspect aleatoire ou fransitoire des excitations provenant de la 
route, cette etude a revele une relation quantitative enfre l'acceleration limite mesuree sur le 
siege ef la duree d'exposition en annees. II faut noter que Ie modele de prediction de la duree 
de vie (article 4) n'a pu efre vahde pour les basses amplitudes de vibrafion (fatigue par 
endurance), vu le manque de donnees dans la litterature concemant les limites d'endurance 
des vertebres du rachis et les lois de fatigue de chaque composante stmcturale des vertebres. 
En conclusion, les effets de I'exposition a long terme du corps constituent im risque 
accm au niveau de la partie lombaire de la colonne vertebrale. Selon les deux approches 
d'estimation du niveau d'acceleration limite presentees dans cette etude, basee sur le FRD et 
sur l'analyse de fatigue, le niveau d'acceleration preconise comme seuil limite a ne pas 
depasser pour reduire le risque sur la sante apres 40 annees d'exposition, est egal a 2 ms''^  
(1.41 ms'^  rms), et ceci quel que soit le poids, I'ossature, la posture et l'age du conducteur. 
Le niveau d'acceleration, determine dans le cadre de cette recherche, est fres conservateur 
puisque l'etude est realisee sous I'hypofhese majeure que la frequence d'excitation est 
maintenue constamment durant toute la vie d'activite professionnelle a la frequence de 
resoimance, alors qu'en realite, on ne refrouve ce cas de figure que lorsque le vehicule subit 
des impacts ou roule sur une route cahoteuse, ef puisque le modele a neglige l'effet des 
muscles, celui des ligaments et celui du fluage et de la degenerescence du disque 
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intervertebral. Les resultats de cette recherche devraient aider a completer I'information 
contenue dans les guides (ISO 2631, etc.) en vigueur, en permettant ime meilleure 
connaissance des limites de vibration a ne pas depasser specifique pour chaque individu. 
RECOMMANDATIONS 
Le modele EF 
Le modele FE actuel necessite encore des ameliorations. En effet, le modele actuel 
n'inclut ni les effets des muscles ni des tissus mous, ni l'aspect viscoelastique, ni I'inertie 
rotationnel de la partie superieure du corps ef ni le phenomene de remodelage de I'os. Les 
tensions musculaires, combinees avec les vibrations, pouvant augmenter le phenomene de 
fluage des disques intervertebraux, peuvent causer la fatigue des muscles du dos. Le 
phenomene de remodelage a aussi un role important dans la reparation des tissus 
endommages. Ces deux aspects peuvent conduire indirecfement a des maux de bas de dos. 
De plus, il est fort probable qu'ime partie des charges dynamiques generees par les vibrations 
mecaniques sera absorbee par les muscles de dos ef par les abdominaux confractes. 
Biologiquement, Ie cumul des dommages sous un chargement cyclique repetitif est le 
responsable du declenchement du mecanisme de regeneration de l'os. Puisque la regeneration 
in vivo de I'os cortical peut efre declenchee avec I'apparition des dommages par fatigue, il 
est possible que Ie chargement cyclique agisse egalement en tant que stimulus pour lancer Ie 
mecanisme de regeneration d'os spongieux des vertebres. 
• L'evaluation numerique du comportement dynamique ef de fatigue des vertebres sera 
effectuee avec un modele parametrique d'elements finis ameliore en apportant, selon les 
resultats des experiences, les modifications necessaires. II faudra notamment valider le 
modele pour les basses amplitudes de charge et basses frequences (sur une plage de 0 a 
20 Hz), par la caracterisation de famortissement du au disque intervertebral ef par la 
comparaison des contraintes determinees par les tests avec celles obtenus par simulation. 
Les excitations et le comportement dynamique des vertebres 
Pour mieux predire Ie comportement en fatigue sous n'importe quelle frequence 
d'excitation et ainsi affiner le niveau d'acceleration critique, il est recommande de prendre en 
consideration les aspects suivants. II faut inclure dans le modele EF, Ie calcul des confraintes 
et de la fatigue sous n'importe quelle frequence d'excitation, afm d'obtenir des valeurs 
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d'accelerations critiques plus reahstes. II peut etre necessaire de reahser des tests 
experimentaux de vibrations a basses amplitudes sur des imites vertebrales afin d'etudier leur 
comportement mecanique (frequences, amortissements, rigidites, contraintes dynamiques 
agissantes sur chaque composantes des vertebres). 
• Proprietes dynamiques des vertebres : les parametres modaux (frequences de resonance et 
amortissement) des unites vertebrales doivent efre determines. II faut determiner la 
rigidite dynamique des tmites vertebrales. Dans cette etape, les confraintes dynamiques 
agissant sur les differents elements de I'lmite vertebrale doivent efre mesurees. Ces 
confraintes sont utiles pour predire la hmite d'endurance. 
Les essais de fatigue 
Pour parfaire le modele de fatigue, il faut enfreprendre des fravaux de vahdation 
experimenfale et verifier si I'hypothese d'tme limite de fatigue du FRD de 30% est vahde 
pour des excitations de faibles amplitudes de longue duree. Plusieurs directions doivent etre 
explorees pour amehorer les performances du modele, afin de pouvofr predfre les risques de 
fatigue par endurance. L'amehoration de la validation passe par la reahsation d'essais sur im 
grand nombre de sujets, afin de definir im comportement moyen representatif 
Pour affiner cette etude, on propose done une demarche experimenfale permettant de 
completer I'information ef de valider les resultats issus de cette these. Cette demarche est 
composee de plusieurs points: 
• Comme premiere etape il faut repertorier l'age, la densite osseuse et le grade du disque 
intervertebral de chaque specimen a tester. Ces paramefres permetfront d'etablir des 
correlations enfre duree de vie, age, densite osseuse, grade du disque, amortissement ef 
rigidite. 
• Lois de fatigue : il faudra, experimentalemenf, pour chaque composante des vertebres ef 
disques intervertebraux, etablir les lois de fatigue a incorporer dans le modele numerique. 
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Pour mieux comprendre l'effet de I'ossature, de la posture ef des muscles, on 
recommande de realiser des tests in vivo afin de predire les contraintes dynamiques, les 
frequences propres et les fransmissibihtes (sur des sujets de differentes categories d'age, 
d'ossature, de poids et de posture de conduite). Dans Ie but d'etudier les effets de I'age et 
de la densite osseuse, et vu la difficulte de trouver des specimens representant les 
differents niveaux d'age (jetme, adulte et age), on propose de faire les tests sur des unites 
vertebrales porcines. Ce choix est justifie par Ie fait que plusieurs recherches considerent 
Ie comportement des composants vertebraux du pore semblable a celui de I'efre humain. 
Des essais de fatigue sur les imites vertebrales seronf effectues pour detecter les 
contraintes pour lesquelles une amorce d'endommagement se presente et ainsi definfr une 
limite d'endurance en fatigue. Les confraintes dynamiques devront pouvofr efre evaluees 
sous n'importe quelle frequence d'excitation. Pour evaluer les confraintes dynamiques, il 
faudra egalement etudier le role du disque intervertebral dans I'amortissement des 
vibrations ainsi que l'effet de sa degeneration (grade) sur I'amortissement. 
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Abstract 
The main objective of this research is to present a detailed method to numerically estimate 
the dynamic sfresses and the risk of adverse health effects to which professional drivers are 
particularly prone. A parametric finite element model of the lumbar vertebrae has been 
generated to compute the dynamic sfresses and the risk of fracture under harmonic 
excitations. An injury risk factor (IRF) has been developed. A design of experiments has 
been conducted by using the IRF as the dependent variable and by considering the posture, 
the body type, the apparent bone density, the damping rate, the body weight and the 
acceleration level as independent variables. The design of experiment is based on 972 
numerical simulations. In this study, the effect of ageing is considered as representing a 
decrease of the apparent density of vertebral cancellous bones and of the damping rate of 
intervertebral disks. It was shown that the IRF increases with ageing and an IRF of 30% has 
been found a threshold for mechanical fatigue purpose. The results show that the drivers with 
a low density (0.1 g/cm^), a low damping rate (10 %) and a heavy weight (98 kg) present a 
high probability of injury. These characteristics can be met among old drivers. An 
acceleration amplitude of 2 m/s^ has been found has a threshold if we want to avoid any risk 
of injury whatever the driver, his weight, bone stmcture and age. 
Resume 
L'objectif de cette etude est de presenter ime methode numerique pour estimer les confraintes 
dynamiques ef leurs effets sur la sante des conducteurs professionnels. Un modele 
parametrique de la colonne vertebrale a ete genere afin de calculer les confraintes et le risque 
de fracture sous I'effef d'lme excitation harmonique. Un facteur de risque au dommage 
(FRD) en a resulte. Fonde sur les resuhats numeriques, un plan d'experience a ete mene avec 
le FRD comme variable dependante. La posture, la corpulence, la densite apparente de l'os 
spongieux, I'aire des vertebres, le taux d'amortissement du disque intervertebral, le poids des 
individus ainsi que l'amplitude de l'acceleration du siege a la resonance des vertebres ont ete 
consideres comme variables independantes. Le plan d'experiences a compris 972 
simulations. L'effet de l'age a ete considere comme representant une diminution de la densite 
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osseuse et du faux d'amortissement des disques intervertebraux. Une limite de 30%o du FRD 
a ete consideree comme critique afin de considerer l'effet de fatigue a long terme. L'effet de 
la densite osseuse, de I'amortissement et du poids a ete mis en evidence. Les personnes ayant 
une faible densite (0.1 g/cm^), un faible taux d'amortissement (10%)) ef un poids lourd ( 98 
kg) presentent une forte probabilite de dommage. On refrouve ces caracteristiques parmi les 
personnes agees. Une amplitude d'acceleration de 2 m/s^ a ete trouvee comme une limite a ne 
pas depasser pour eviter tout risque de dommage. 
Keywords: Adverse health effect. Whole body vibration. Spinal loading. Ageing, Postiire, 
Design of experiments. 
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1. Introductio n 
Long term whole body vibrations (WBV) may damage the lumbar spine, especially the three 
lower vertebrae (L3-L5) [1, 2]. Several bibliographical reviews published over the past 15 
years show a higher occurrence of low back disorders among populations exposed to 
dynamic loading, such as heavy equipment drivers, than in the general population [3]. The 
vibratory response of stmctural components of the lumbar spine and consequently the risk of 
adverse health effects vary considerably based upon numerous factors [4]. Among the factors 
influencing the vibratory response are the posture [5], the amount and distribution of the 
bone mineral content [6, 7], the size of the vertebral bodies and discs [8], the degree of the 
disc degeneration [9] and the body weight. However, few numerical studies establish a 
relation between the dynamic sfresses and the acceleration at the seat on which drivers are 
seated [10-11]. Most of these models are not designed to easily observe the effect of infer-
individual variations (posture, bone stmcture, and body weight). On the other hand, the 
experimental study developed by Seidel et al. (1998) [12], allowed for the assessment of a 
relationship between the forces and the acceleration at the seat by considering posture and the 
bone stmcture. Thomas et al. (2004) [13] have studied the long term adverse health effect for 
drivers exposed to harmonic and random vibrations. However, these models of the lumbar 
spine were based on an analytical method. A more sophisticated numerical model is requfred 
to refine the results. 
The paper is aimed at the elucidation of exposure response relationships in order to derive 
quantitative relations for the assessment of the injury risk of fracture due to WBV. A design 
of experiments was conducted in order to study the effects of the following parameters: 
driving posture, body weight, acceleration, bone stmcture (robust, intermediary or frail), 
apparent density and damping rate. In this study, ageing is represented by a decrease of the 
apparent density of the vertebral cancellous bones and damping rate of intervertebral disks. 
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2. Material s and methods 
2.1. Dynami c stresses 
The dynamic behaviour of the vertebral bone may depend on several variables. In this study, 
we considered the principal following parameters: posture (6),  body weight (M), 
acceleration level (A(f)) at the natural frequency f, bone stmcture (S), damping rate {^) and 
apparent density {p) of lumbar vertebrae. If all these variables are assumed to be independent 
and quantifiable, the dynamic sfress (7dyn  maybe expressed as: 
C>dyn=F(A(f),M,Si,e,f) (Al.l) 
By modeling the lumbar spine as a one degree of freedom (DOF), the compressive dynamic 
sfress may be calculated from the fransmitted force [13]. By applyfrig a random signal that 
excites the natural frequency and by considering the bone stmcture and the posture angle, the 
compressive dynamic stress can be expressed in the following form: 
^jl7(2^ A{f)*M* 
""dvn = ^ ~  C^'^^)  (Al .2) 
where: 
• M is the equivalent mass, 
• A(f) the applied acceleration amplitude to the seat at the natural frequency of 
vertebrae (f), 
• S the average cross-section of disc, 
• 6 the posture angle and 
• ^ the damping rate. 
• B is a statistical constant. 
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2.2. Injur y risk factor IRF 
In this study, a nonlinear model for predicting the adverse health risk has been developed. 
This model is based on the assumption that the vibratory response of lumbar spine may be 
represented as a one degree of freedom model (DOF) as suggested by Coermann (1962) [14] 
and Griffin (1990) [15]. These simplified models were derived in order to satisfy mechanical 
impedance (or apparent mass) data. A Dynamic Response Index (DRI) model was initially 
defined in order to express the relative severity of vibrations, more particularly to shocks 
[15]. 
By assuming that the risk of adverse health is relative to the ratio of the applied stress to the 
ultimate sfress, a new frijury risk factor (IRF) has been developed: 
IRF=m^^^^^^^^f!^. (A1.3) 
O"^!^, is the compressive static sfress as computed by our numerical model and a^^  ,esfimated 
from literature as 41.668/?" [16-19], is the ultimate stress of the vertebrae. The ultimate 
sfress of the cancellous bone has been considered because if represents 90% of the vertebrae 
volume. 
By introducing equation (A1.2) into (A1.3), the following relationship has been obtained: 
s]\ + (2^f 1 /A 1 N^ 
1RF(%) =  (51 + 52 * —^— A * M cos((9)) r-^  (Al .4) 
where Bland B2 are constants to be exfracted from the design of experiments. 
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2.3 Finite element model 
A parametric model of the vertebrae (L1/L5) was developed in order to study the effects of 
posture (Icyphosis, lordosis and neufral posture), bone stmcture (intermediate, frail and 
robust), body weight, degree of degeneration represented by the damping coefficient, 
acceleration and apparent density of cancellous bone on the injury risk factor. The 
parametric finite element model of the lumbar spine (L1-L5) was generated in a CAD 
software application by considering the parametric equations describing the shape of a 
vertebra and an intervertebral disc as established by Lavaste et al. (1992) [20] and the 
morphomefric dimensions measured on various vertebral bodies by Berry et al. (1987) [21]. 




Figure Al.l mai n parameters of lumbar vertebrae. 
The main advantage for using a paramefric model is the facility with which different human 
morphologies can be studied. This paramefric dynamic model presents the advantage of 
simulating any condition of seated posture as well as the different geometrical variations. 
Three morphologies (frail, intermediate and robust body) have been studied by varying the 
cross section of the disk and vertebral body and keeping the same scale. This paramefric 
model allows to study the effect of the sitting posture (kyphosis posture 0  <  5°, lordosis 
posture 9  > 25° and average posture 9 ~ 15°), the bone stmcture and the body mass on the 
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mechanical behaviour of spine exposed to whole body vibration. FigureAl.2 illustrates 
curves of the lumbar spine. 
Each model of the vertebrae is composed of 33 structures (annulus, nucleus, endplate, 
cortical shell and cancellous bone) and 54 contact zones were inserted between the bodies. 
The contacts were modelized with contact elements (Ansys Target 170 with 8-node, and 
Conta 174 with 8-node). The volumes in each model were meshed separately with thefr 
meshing parameters. Accordingly with the geomefrical complexity of the spine, the finite 
element mesh has to be fairly fine. The cortical shell, the posterior elements, the cancellous 
bone and the endplates were meshed by using 3D tefrahedral elements with 10 nodes (Ansys 
software: Solid 187). This type of element was selected because if allows a good 
interpolation of exfemal geomefry. The non homogeneous structure of the intervertebral disc 
was taken info account. The annulus fibrosus was modelized as a composite material. The 
nucleus pulposus was modelized by using volumic elements with a Poisson coefficient of 
0.499. 
Figure A1.2 Curve s of the lumbar spine. 
In vivo, relative motion between posterior elements is assured by articular cartilages. A very 
low coefficient of friction has been applied to model the relative motion of cartilaginous 
shnctures. The contact element used for modellmg the connection between the posterior 
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elements has been chosen as 'frictionless' type. Springs of low rigidity were added to the 
contact element model in order to insure continuity. The total number of elements for the 
whole model is about 36500 and the number of nodes is 83808. The meshing of the total 
vertebrae and the contacts of "frictionless" type between apophyses are shown in FigureAl.3. 
pTg:^7T;i>^ff j :^^ •^cj7rwrjn^r:-':-"^-^-7-"_ 
0.000 
'7\7y''y%£/^ 
^ ^ ^ ^ 
^ ^ ^ a 
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Figure A1.3 F E models of the Lumbar spine. 
Once the vertebrae model has been generated, the dynamic analyses may be carried out on 
the model through the finite element method. The mechanical properties of the various 
elements (cortical shell, cancellous bone, posterior elements and cartilaginous endplates, 
intervertebral disc) forming the vertebral body were deduced from literature [20, 23, 24, 25]. 
The material properties are given in Table Al.l. 
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For the dynamic analysis of the lumbar spine, a disfribufed mass of about 57%) the body 
weight was apphed to the upper face of the vertebrae [13, 24, 25] to simulate the upper body. 
9 9 
The base was subjected to various vertical accelerations ranging from 1 m/s to 4 m/s . These 
acceleration amplitudes were extracted from the ISO 2631-1 [26] curves that define the limits 
of exposure in vertical acceleration according to the frequency and duration of exposure. The 
viscous damping rate depends on the level of degeneration of the intervertebral disc (grade of 
the disc) and muscle activity [23]. The sfress responses were evaluated by considering a 
viscous damping rate of 10%), 20%o and 30%) as determined from experimentation by Kasra et 
al. (1992) [24, 25]. 
2.4. Limits of Injury Risk Factor (IRF) 
Based on experimental data, Seidel et al [12] estimated that a stress ratio of 20%) normahsed 
with the ultimate stress could be regarded as an endurance limit to avoid any risk of damage 
by fatigue. However, Brinckmann et al. (1988) [27] argued that a sfress ratio of 30%) 
normalised with the ultimate stress could be regarded as an endurance limit for in vivo 
exposure. Consequently, the threshold of 30%o has been assumed as a limit for avoiding any 
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risk of fatigue after long duration of exposure to dynamic excitations as it is usual in 
mechanical fatigue problems. This IRF level of 30%) could be considered as representing a 
moderate probability of injury. 
Therefore, we have considered in this study the following criteria for IRF: 
> If IRF< 30%, a driver will have a low probability of injury; 
> If 30% < IRF < 50%o, a driver will have a moderate probability of injury; 
> If IRF > 50%, a driver will have a high probability of injury. 
2.5. Numerica l simulations protocol 
In order to study the effects of parameters appearing in equation (4) on the injury risk factor 
IRF, a numerical design of experiments was conducted. A full factorial design was selected 
to allow all interactions between the independent variables to be effectively investigated. 
Nine geometrical models of the vertebrae were generated (3*3) for the design of 
experiments: three postures (lordosis, flexed and intermediate) and three bone sfmctures 
(frail, intermediate and robust body), by varying the cross section of the disk and vertebral 
body and keeping the same scale. The levels for each factor were exfracted from literature: 
• The acceleration amplitudes were exfracted from the ISO 2631-1 curves [26]. In this 
study, four levels were considered. Levels of the applied accelerations were 1, 2, 3.15 
•y 
and 4 m/s . 
• Since the density is depending from the ageing, three levels of the vertebral apparent 
density, ranging from 0.1 g/cm to a maximum value of 0.3g/cm [16-19], with an 
intermediate value of 0.2g/cm^ were considered. 
• Three levels of body weight were chosen (heavy: 98 kg), intermediate: 75 Kg and tight: 
55 kg). 
• In sitting posture, three critical levels of posture angle were chosen as determined by 
Dolan and Adams (2001) [22]: the kyphosis posture, the lordosis posture and the 
intermediate posture. 
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• Three levels of the cross sectional areas (S) were considered. The cross sectional areas 
(S) at the L3-L4 represent the bone stmcture (frail, intermediate or robust body). The 
same parameter (S) was used by Seidel et al, (1998) [12]. 
• The damping rate depends on the degree of degeneration of the intervertebral disc and 
consequently from the ageing. Three limit levels of the damping rate were considered 
[23, 24, 25]. Levels of the damping rate were 10%), 20% ant 30%). 
Table A1.2 establishes the values taken for each factor. The total number of numerical 
simulations is 972. 
Table Al .2 Independent variables 
Variables 
Acceleration A (m/s ) 
Apparent density p (g/cm ) 
Body weight M (Kg) 
Posture angle 9° 
Cross sectional area L3-4, S (mm ) 


























3.1. ANOVA analysis 
Analysis of variance (ANOVA) was applied to investigate the main effects of the 
independent variables, together with their two-level interaction effects on IRF. The software 
Statgraphics was used to make the statistical analysis and to carry out the variance analysis 
(method ANOVA). For the Anova analysis, we selected the p-value at 0.01 level that 
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indicates a 99% confidence level and the calculated Fisher-ratio for testing the significance 
of the main effects and two-level interaction effects. The computer ANOVA output and the 
calculated F ratios with their p-value are shown in Table 3 for each significant effect. The 
ANOVA table decomposes the variability of IRF into contributions due to various factors 
(Table Al.3). 
Table Al.3 Anova analysis 
Source F-Ratio P-Value 
Main effects 
apparent density: p 
Body weight :M 
Damping rate : ^  
Acceleration : A 
Cross sectional area S 









































The contribution of each factor is measured having removed the effects of all other factors. 
Since 12 P-values are less than 0.01, these factors have a statistically significant effect on 
IRF at the 99.0%) confidence level. 
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Only the significant effects are shown and they are classified from the most significant to the 
lesser one. In this study, we have chosen a Fisher ratio of 15 as a threshold and we will 
describe the 9 most important interactions on IRF. The analysis showed that the osseous 
density has an effect definitely higher than all the other factors on the injury risk of fracture. 
3. 2 Interactio n analysis on damage injury risk factor IRF 
The effects of interactions implying the density and body weight are definitely higher than 
the others on the injury risk factor. The risk of adverse health increases with body weight 
and when density decreases. This effect is critical for the adverse health when density is very 
low, whatever the mass. Figure A1.4 shows the interactions between these two variables. 
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98 
Figure A1.4 Interactio n of mass and density on IRF. 
The damping rate and density is the second significant interaction in importance 
(FigureAl.5). It is shovm that the risk of adverse health effect decreases with the increase of 













Damping rate (%) 
Figure A1.5 Interactio n of density and damping on IRF. 
If the osseous density is low 0.1 g/cm ,^ we observed a high probability of fracture whatever 
the damping. If if is high (0.3 g/cm^), there is a low probability of fracture. The probability of 
fracture becomes moderate for drivers with a density of 0.2 g/cm'' and a very low damping 
(10%). 
The thfrd effect is the interaction between the acceleration amplitude and the density (Figure 
A1.6). The risk of adverse effect increases with acceleration amplitude and decrease of 
density. The drivers with a very low density (0.3 g/cm^) present a high probability of 
fracture. If it is high (0.3 glcrn^),  there is a low probability of fracture. The probability of 
fracture becomes moderate for drivers with a density of 0.2 g/cm^ exposed to vibrafion 
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Figure A1.6 Interactio n o f acceleration an d density on IRF. 
The fourth interaction in importance is the effect of area (bone stmcture) and density on IRF 
(Figure A1.7). The risk of adverse health effect increases with a decrease of the lumbar area 
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Figure A1.7 Interactio n o f area and density o n IRF. 
213 
If we consider a level of IRF of 50 % as critical and 30% as a moderate probability of injury, 
it can be concluded from figures 4 to 7 that a density of 0.2 g/cm^ can be considered as 
threshold. A lower density is critical for the adverse health, whatever the mass, the lumbar 
area, the damping rate or the acceleration level. The 0.1 g/cm'', 0.2 g/cm^ 0.3g/cm^ levels of 
density correspond to persons of 65, 45 and 25 years old respectively [16 - 19]. This study 
puts in evidence that the risk of fracture increases significantly for older persons. 
The effects of the interactions implicating the damping rate and acceleration at the seat or 
body weight have also an effect significant on the injury risk factor. 
Figure A1.8 describes the interaction between the body weight and damping on IRF. The risk 
of adverse health increases with mass and with a decrease of damping. The probability of 
injury is moderate for drivers with damping rates greater than 10%). The probability of injury 





Body weight (leg) 
Figure A1.8 Interactio n between mass and damping on IRF. 
Figure A1.9 describes the interaction between the acceleration level and the damping. As 
expected, it is shown that the IRF increases with acceleration and decrease of damping. This 
effect is more pronounced for a low damping. 
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If we consider an IRF of 30% as a threshold for a moderate probability of injury and 50% for 
a high probability, this result shows that old drivers with a low damping present a risk from 
moderate to high and that the others present a moderate risk of Injury. Te acceleration 





Acceleration at the seat (m/s'^2) 
Figure A1. 9 Interactio n of acceleration and damping on IRF. 
As seen previously, the risk of adverse health increases with the weight (Figure ALIO). 
100 
2 3,15 4 
Acceleration at the seat (m/s'^ 2) 
Figure ALIO Interaction s between acceleration and weight. 
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Very heavy drivers are subject to a high probability of injury if the acceleration amphtude is 
greater than 1.5 m/s^. The drivers with a medium weight have a moderate probability of 
injury and the drivers with a tight body weight, a low probability of injmy for acceleration 
amplitudes lower than 2 m/s^. 
The effects of body weight and bone stmcture (area) on IRF are shown in Figure Al.l 1. The 
risk of adverse health effect increases with the body weight and with a decrease of the lumbar 
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Figure Al. ll Interactio n between weight and area. 
At a lower level of significance. Figure A1.12 demonsfrafes the effect of posture. For a high 













Posture angle (degree) 
Figure A1.12 Interaction o f posture and damping on IRF. 
4. Discussion 
By performing a non-linear regression analysis on parameters, a model describing the 
relationship between IRF and the independent variables has been obtained. The equation 
(A1.4) of the fitted model becomes: 
f r —7-^7 ^ 
IRF(%) = 1 
S*p 1.9 
715.106 + 1.75^^^^^^^ ^*M*cos(^) 
2^ ^ ^ 
wifhR^=95.7% (A1.5) 
J 
The adjusted R-Squared statistic, which is more suitable for comparing models with different 
numbers of independent variables, indicates that this model explains 95 % of the variability 
in IRF. 
In table A1.4, we have regrouped the variables for representing the effect of ageing (density 
and damping) and the effect of morphology (weight and bone area) accordingly to the only 
parameter that can be confrolled: the level of acceleration in the 4-8 Hz frequency range. 
The injury risk of fracture (IRF) developed in this research allows for predicting the 
instantaneous risk of mpture. 
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Table 4 allowed to defined three classes of risk: 
> 0<IRF<30% No risk; 
> 30 < IRF < 50% Alami; 
> IRF > 50 % High risk; 
As expected, the results show that the risk of injury increases with ageing because the 
osseous density and the damping rate decreases. By considering a healthy person, 
acceleration amplitudes of 3 m/s^ applied at the seat exciting the lumbar spine at its natural 
frequency can produce a risk of damage between 10-12 % for a young driver (25 years) by 
considering an apparent density of 0.3 g/cm^ and a damping rate about 30%o, while, for the 
same level of excitation, the Injury Risk Factor increases to levels between 16-19 %o for a 45 
years old driver (apparent density of 0.24 g/cm ,^ damping rate of 25%)) and between 30-36 % 
when the driver is 65 years old (apparent density of 0.18 g/cm^ and damping rate of 20%)). 
By considering an IRF of 30%), Table 4 shows that the acceleration recorded at the seat has 
no significant effect for young and intermediate drivers (25 and 45 years old), but the risk is 
moderate for old drivers exposed to acceleration amplitudes greater than 3 m/s^ and becomes 
high with its weight (95 Kg) if the acceleration is 6 m/s^. 
In many cases, such as machinery travelling over rough surfaces, dynamic loading should be 
considered as vibration containing multiple shocks. A method for estimating vibrafion 
containing multiple shocks has been produced by ISO 2631-5 [30], which is concemed with 
the lumbar spine response. The ISO 2631-5 makes it possible to predict the risk of fatigue 
per endurance. For impact excitation, the ISO 2631-5 standard proposes a procedure for 
estimating the daily equivalent static compression dose Sed (Mpa). 
> If Sed < 0.5 Mpa, a 20 years old man worldng 240 days a year will have a low 
probability of injury (in green in Table 4); 
> If 0.5 < Sed < 0.8 (Mpa), a 20 years old man working 240 days a year will have a 
moderate probability of injury (in orange in Table 4); 
> If Sed > O.S  (Mpa), a 20 years old man working 240 days a year will have a high 
probability of injury (in red in Table 4). 
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Table Al .4 Risk of injury according to morphology and ageing (atot= cJstat + <Jdyn) 
Effect of 
ageing 















We can notice in fable A1.4, some differences between the IRF and ISO 2631-5. In fact, the 
IRF is not only based on the apphed sfress (as it is in IS02631-5) but also on the ultimate 
sfress. The difference is due to the fact that IRF talces info account the apparent density of the 
vertebral cancellous bone and damping rate of intervertebral disks. The variations of these 
values that are affected by the age are perturbing the ultimate sfress of bones. By considering 
an intermediate sized person (intermediate body weight, intermediate angle posture and 
intermediate bone stmcture), an acceleration of about 3 m/s^ can produce a total compressive 
stress (atot= cTjyn+ s^tat) between 0.46 Mpa to 0.53 Mpa. 
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The risk of fracture for this acceleration level is very about 11% for a 25 years old person, 
about 17 %o for a 45 years old person and 33%) for a 65 years old person. 
5. Conclusion 
The design of experiments method allows for statistically analyzing results having a great 
variability, such as weight, size, sex, age, etc. for a human body. A finite element model of 
lumbar spine was developed by using a parametric model because this strategy allows for a 
very quick simulation of various anatomies (robust, average or frail body-types). The 
dynamic model that has been developed is aimed at computing the dynamic mechanical 
sfresses of the lumbar spine produced by whole-body vibrafions of a person in a seated 
posifion in order to evaluate the risk of adverse health effect which could occur for 
professional drivers by considering the effect of the posture, the damping rate, the body 
weight, the bone stmcture and the apparent density. This parametric finite element model 
was vahdafed by using published results of forces calculated at the L3-L4 and the 
experimental dynamic sfresses estimated at the L5-S1. An Injury Risk Factor (IRF) of 
damage in vertebral body was developed for any given vibratory amplitude coming from the 
seat. From 972 computations, an ANOVA analysis revealed that the osseous density (and 
consequently the ageing) is definitely the most important factor affecting the risk of fracture. 
The effects of the friteractions combining density and damping rate were found more 
significant than all the other combinations of variables on the injury risk factor. It was found 
that the risk of adverse health is more significant if the apparent densities is lower than 0.2 
g/cm3 and if the damping rate is lower than 20%o. These effects are related to the age of 
drivers and this study confirmed that older drivers present a more significant probability of 
injury than the yoimger's one. If an Injury Risk Factor of about 30%) is defined as the limit of 
endurance in order to avoid fatigue problems, the results show that drivers older than 45 
years old are susceptible to long term injury and that the weight has a significant effect. The 
level of acceleration must be confrolled to amplitudes less than 2 m/s^ if we want to avoid 
any risk of injury whatever the driver, his weight, bone surface and age. 
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ANNEXE I I 
ARTICLE PUBLIE DANS CI E 200 7 
A DESIGN O F EXPERIMENT FO R STUDYING TH E EFFECT O F HUMAN BOD Y 
PARAMETERS O N AN INJURY RISK OF DRIVERS EXPOSE D T O VIBRATIO N 
Ayari H., Thomas M., Dore S. 
Ecole de Technologie Superieure, 1100 Notre-Dame Ouest, 
Montreal, Quebec, Canada H3C 1K3 
Abstract 
The main objective of this research is to present a detailed method to estimate numerically 
the risk of adverse health effects to which professional drivers are particularly prone. A 
parametric finite element model of the lumbar rachis has been generated to model the 
dynamic sfresses and the risk of fracture under harmonic excitations. A risk of injury factor 
(IRF) has been developed. A design of experiment has been conducted by using the IRF as 
the dependent variable and by considering the posture, the body type, the apparent bone 
density, the damping rate and the body weight as independent variables. In this study, ageing 
is represented by a decrease of the apparent density and the damping rate. The finite element 
model was used for computing the IRF. The design of experiment is based on 648 numerical 
simulations. The results show that, if a young driver (25 years old) can support a level of 
•y 
acceleration of 2.5 m/s without direct adverse health effect, this threshold level must be 
'y 
reduced to 1.1 m/s after 40 years of exposition to vibration. 
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acceleration input (m/s^) 
apparent density (g/cm'') 
body weight (kg) 
posture angle (degree) 
cross sectional area (mm^) 
dampuig rate (%) 
frequency (Hz) 
static stress (Mpa) 
djmamic sfress (Mpa) 
ultimate stress (Mpa) 
njury risk factor (%) 
1. Introductio n 
Long term whole body vibrations (WBV) may produce health hazards for the lumbar spine, 
especially for the three lower vertebrae (L3-L5) [1, 2]. Several bibliographical reviews 
published over the past 15 years show a higher occurrence of low back disorders among 
populations exposed to dynamic loading, such as heavy equipment drivers, than in the 
general population [3]. 
The vibratory response of stmctural components of the lumbar spine and consequently the 
risk of adverse health effect vary considerably based upon numerous factors [4]. Among the 
factors influencing the vibratory response are the posture [5], the amount and distribution of 
the bone mineral content [6, 7], the size of the vertebral bodies bone stmcture and discs [8], 
the degree of the disc degeneration [9] and the body weight. 
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However, few numerical studies establish a relation between the dynamic stresses and the 
acceleration at the seat. By applying an analytical method, Thomas et al (2004) [10] have 
studied the long term adverse health effect for drivers exposed to harmonic and random 
vibrations. However, the models of the lumbar spine were too basic; most of these models 
are not designed to easily observe the effect of inter-individual variations (posture, bone 
stmcture, and body weight). A more sophisticated numerical model is required to refine the 
results. On the other hand, the experimental study developed by Seidel et al, (1998) [11], 
allowed for the assessment of a relationship between the forces and the acceleration at the 
seat by considering posture and the bone stmcture. 
Based on this hypothesis, the paper is aimed at the elucidation of exposure response 
relationships in order to derive quantitative relations for the assessment of the injury risk of 
fracture due to WBV. A design of experiments was conducted in order to study the effects of 
the following parameters: driving posture, body weight, acceleration, bone stmcture (robust, 
intermediary or frail), apparent density and damping rate. In this study, ageing is represented 
by a decrease of the apparent density and the damping rate. 
2. Materials and methods 
2.1. Mathematical model 
The dynamic behaviour of the vertebral bone may depend on several variables. In this study 
we considered the principal following parameters: posture, body weight, vibratory level, 
bone stmcture, damping rate and apparent density of lumbar vertebrae. 
If all these variables are assumed to be independent and quantifiable, the dynamic stress as 
well as the factor risks of fracture, represented by the Injury Risk Factor (IRF) can be 
expressed as: 
C>ayn^F(A,M,St9,f) (A2.I) 
IRF = F (A, M, S i  9,  p,  7) (A2.2) 
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fri this study, a nonlinear model for predicting the adverse heath risk has been developped. 
This model is based on the assumption that the vibratory response of lumbar spine may be 
represented as a one degree of freedom model (DOF) as suggested by Coermann, 1962 [12] 
and Griffin, 1990 [13]. These simplified models were derived in order to satisfy mechanical 
impedance (or apparent mass) data. A Dynamic Response Index (DRI) model was initially 
defined in order to express the relative severity of vibrations, more particularly to shocks. 
Griffin, 1990, [13]. 
2.1.1. Dynami c stress 
Using the fransmitted force to the lumbar spine modehzed as one DOF, the compressive 
dynamic stress may be determinate. By applying a random signal that excites the natural 
frequency and by considering the bone stmcture and the posture angle, the compressive 
dynamic sfress can be expressed in the following form: 
dyn 2^ S 
where: 
• M is the equivalent mass, 
• A the applied acceleration amplitude to the seat, 
• S the average cross-section of disc, 
• 9 the posture angle and 
• h,  the damping rate. 
• B is a statistical constant. 
2.1.2. Damag e injury risk factor IRF 
By assuming that the risk of adverse health is relative to the ratio of the applied sfress to the 
ultimate stress, a new injury risk factor (IRF) has been developped: 
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IRF=m*^-^^^Z^f^. (A2.4) 
^stat is the compressive static sfress as computed by our numerical model and cr,, ,estimated 
from literature as 41.668 p'^ [14, 15, 16, 17], is the ultimate stress of the vertebrae. The 
ultimate stress of the spongy bone has been because the cancellous bone represents 90%. of 
the vertebrae volume. 
By introducing equation (A2.1) into (A2.2), the following relationship has been developed: 
^^^M 
2 
IRF(%) =  (SI + 52 * "' A  * M cos{9)) r-^  (A2.5) 
2# 5 V 
Where Bland B2 are Statistical constants. 
2.2 Finit e element model 
A paramefric model of the rachis (L1/L5) was developed in order to study the effects of 
posture (flexed, lordosis and neutral posture), bone stmcture (intermediate, frail and robust), 
body weight, degree of degeneration represented by the damping coefficient, acceleration and 
apparent density on the injury risk factor. The parametric finite element model of the lumbar 
spine (L1-L5) was generated in a CAD (Pro-Engineer) software application by considering 
the paramefric equations describing the shape of a vertebra and an intervertebral disc as 
established by Lavaste et al, (1992) [18] and the morphomefric dimensions measured on 
various vertebral bodies by Berry et al, (1987) [19]. Figure A2.1 illustrates the main 





Figure A2.1 Mai n parameters of lumbar vertebrae. 
The main advantage for using a parametric model is the facility with which different human 
morphologies can be studied. This parametric dynamic model presents the advantage of 
simulating any condition of seated posture as well as the different geometrical variations. 
This parametric model allows for studying the effect of the sitting posture (flexed posture 9 < 
5°, lordosis posture 9  > 25°,  and average posture 0 ~ 15°), the bone structure and the body 
mass on the mechanical behaviour of spine exposed to whole body vibration. Figure A2.2 
illustrates curves of the lumbar spine. 
Figure A2,2 Curve s of the lumbar spine. 
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Nine geometrical models of the rachis were generated (3*3) for the design of experiments: 
three postures (lordosis, flexed and intermediate) and three bone stmcture (frail, intermediate 
and robust body). The body type was introduced by variation of the size of vertebral body. 
Each model of the rachis is composed of 33 bodies (annulus, nucleus, endplate, cortical shell 
and spongy bone) and 54 contact zone were inserted between the bodies. The contacts were 
modelized with contact elements (Ansys Target 170 with 8-node, and Conta 174 with 8-
node). 
The volumes in each model were meshed separately with their meshing parameters. 
Accordingly with the geometrical complexity of the spine, the finite element mesh has to be 
fairly fine. The cortical shell, the posterior elements, the cancellous bone and the endplates 
were meshed by using 3D tefrahedral elements with 10 nodes (Ansys software: Solid 187). 
This type of element was selected because it allows a good interpolation of exfemal 
geometry. 
The non homogeneous stmcture of the intervertebral disc was taken into account. The 
annulus fibrosus was modelized as a composite material. The nucleus pulposus was 
modelized by using volumic elements with a Poisson coefficient of 0.499. 
In vivo, relative motion between posterior elements is assured by articular cartilage. In the 
model, a very low coefficient of friction has been applied to model the relative motion of 
cartilaginous stmctures. 
The contact element used for modelling the coimecfion between the posterior elements has 
been chosen as 'frictionless' type. Springs of low rigidity were added to the contact element 
model in order to insure continuity. The total number of elements for the whole model is 
about 36500 and the number of nodes is 83808. The meshing of the total rachis and the 
contacts of "frictionless" type between apophyses are shown in Figure A2.3. 
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Figure A2.3 F E models of the Lumbar spine. 
Once the rachis model is generated, dynamic analyses are carried out on the model through 
the finite elements Ansys Workbench. The mechanical properties of the various elements 
(cortical shell, cancellous bone, posterior elements and cartilaginous endplates, intervertebral 
disc) forming the vertebral body were deduced from literature [18, 21 to 23]. The material 
properties are given in Table A2.1. 




































For the dynamic analysis of the lumbar rachis, a distributed mass of about 57% the body 
weight was applied to the upper face of the rachis [10, 22, 23] to simulate the upper body. 
The base was subjected to various vertical accelerations ranging from 1 m/s^ to 4 m/s^. These 
acceleration amplitudes were extracted from the ISO 2631-1 [24] curves that define the limits 
of exposure in vertical acceleration according to the frequency and duration of exposure. The 
viscous damping rate depends on the level of degeneration of the intervertebral disc (grade of 
the disc) and muscle activity (Wayne et al, 2003) [21]. The stress responses were evaluated 
by considering a viscous damping rate of 10%) and 20%) as determined from experimentation 
by Kasra etal, (1992) [23]. 
2.3. Numerica l simulation s protoco l 
In order to study the effects of parameters, appearing in equation (3) on the injury risk factor 
IRF, a numerical design of experiment was conducted. A full factorial design was selected to 
allow all two-level interactions between the independent variables to be effectively 
investigated. 
The levels for each factor were extracted from literature: 
• The acceleration amplitudes were extracted from the ISO 2631-1 curves [24]. In this 
study, four levels were considered. Levels of the applied accelerations were 1, 2, 3.13 
and 4 m/s . 
• Three levels of the vertebral apparent density, ranging from O.lg/cm^ to a maximum 
value of 0.3g/cm [14 to 17], and an intermediate value of 0.2g/cm were considered. 
• In sitting posture, three critical levels of posture angle were chosen as determined by 
Dolan.P and Adams.M.A, 2001 [20]: the flexed posture, the lordosis posture and the 
intermediate posture. 
• Three levels of the cross sectional area (S) were considered. The cross sectional areas (S) 
at the L3-L4 represent the bone stmcture (frail, intermediate or robust body). The same 
parameter (S) was used by Seidel et al, 1998 [11]. 
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• The damping rate depends on the degree of degeneration of the intervertebral disc. Two 
limit levels of the damping rate were considered [23]. Levels of the damping rate were 
10% and 20%. 
• Three levels of body weight were chosen (heavy, intermediate and light). 
Table A2.2 shows the values taken for each factor. The total number of numerical 
simulations is 648. 
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2.4. ANOVA analysis 
Analysis of variance (ANOVA) was applied to investigate the main effects of the 
independent variables, together with their two-level interaction effects on IRF. The software 
Statgraphics V5.0 was used to malce the statistical analysis and to carry out the variance 
analysis (method ANOVA). For the Anova analysis, we selected the p-value at 0.01 level 
(indicate a 99% confidence level at) and the calculated F-ratio for testing the significance of 
the main effects and two-level interaction effects. The computer ANOVA output and the 
calculated F ratios with their p-value are shown in Table 3 for each significant effect. The 
ANOVA table decomposes the variability of ERF info contributions due to various factors 
(table A2.3). 
Table A2.3 Anova analysis 
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Source Fisher P-Value 
Main effect s 
apparent density : p 
Damping rate : ^  
Body weight :M 
Acceleration : A 
Cross sectional area S 



















































The contribution of each factor is measured having removed the effects of all other factors. 
Since 12 P-values are less than 0.01, these factors have a statistically significant effect on 
IRF at the 99.0% confidence level. 
Only the significant effects are shown and they are classified from the most significant to the 
lesser one. In this study, we have chosen a Fisher ratio of 60 as a threshold and we will 
describe the 6 most important interactions on IRF. The analysis showed that the osseous 
density has an effect definitely higher than all the other factors on the injury risk of fracture. 
3. Interactio n analysis on IRF 
The effects of type 2 interactions implying the density and damping rate are definitely higher 
than the others on the injury risk factor. Figure A2.4 shows the type 2 interactions between 

























0.1 0.2 0.3 
Apparent density (g/cm'^3) 
Figure A2.4 Interactio n of density and damping on IRF. 
If is shovm that the risk of adverse health effect decreases with increasing with density and 
damping but that the effect is more pronounced when damping and density are very low. If 
the osseous density passes from 0.2 g/cm3 to 0.1 g/cm ,^ we observed a more significant 
variation of the risk. The apparent density of 0.2 g/cm^ can be considered as threshold. 
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The body weight and density is the second significant interaction in importance (Figure 
A2.5). The risk of adverse health increases with body weight and when density decreases. 
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Figure A2.5 Interactio n of mass and density on IRF. 
The third effect in importance is the interaction between the acceleration amplitude and the 
density (Figure A2.6). The risk of adverse effect increases with acceleration amplitude and 
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Figure A2.6 Interactio n of acceleration and density on IRF. 
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The fourth interaction in importance in the effect of area (bone stmcture) and density on IRF 
(Figure A2.7). The risk of adverse health effect increases with a decrease of the lumbar area 
and with density. This effect is more significant for a very low density. 
Figure A2.7 Interactio n of area and density on IRF. 
If we consider a level of IRF of 40 %  as critical, if can be concluded from figures A2.5 to 
A2.7 that a density of 0.2 g/cm'^  can be considered as threshold. A lower density is critical for 
the adverse health, whatever the mass, the lumbar area or the acceleration level. The 0.1 
o "i "X 
g/cm , 0.2 g/cm , 0.3g/cm levels of density correspond to persons 65, 45 and 25 years old 
respectively [14, 15, 16, 17]. This study puts in evidence that the risk of fracture increases 
significantly for older persons. 
The effects of the type 2 interactions implicating the damping rate and acceleration at the seat 
or body weight have also an effect significant on the injury risk factor. Figure A2.8 describes 
the interaction between the acceleration level and the damping. As expected, it is shown that 
the IRF increases with acceleration and decrease of damping. This effect is more pronounced 
for a low damping. 
Figure A2.9 describe the interaction between the body weight and damping on IRF. The risk 
of adverse health increases with mass and with a decrease of damping. This effect is more 
pronoimced for a very high mass and a very low damping. 
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If we consider an IRF of 40%) as a threshold, this result shows that the acceleration must be 
maintain to levels lower than 2.5 m/s^ for a high damping and even lower than 1.1 m/s^ for a 
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Figure A2.9 Interactio n between mass and damping on IRF. 
In fact, this research demonstrate that if a young driver (25 years old) can support a level of 
acceleration of 2m/s without direct adverse health effect, this threshold level must be 
•y 
reduced to 1 m/s after 40 years of exposition to vibrafion. 
At a lower level of significance. Figure A2.10 demonstrates the effect of posture. For a high 
damping, posture has no effect on IRF. On the other hand, a 25° posture angle (lordosis 
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posture) is the best sitting posture when a person presents a low damping. This resufr agrees 
well with those determined by other researches [25, 26] for average aduhs. In fact, 
Grandjean, 1980 [26] identified a baclcrest inclusion from vertical adjustable between 20° to 
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Figure A2.10 Interactio n of posture and damping on IRF. 
4. Conclusion 
The design of experiment method allows for statistically analyzing results having a great 
variability, such as weight, size, sex, age, etc. for a human body. 
A finite element model of lumbar spine has been developed by using a parametric model 
because this strategy allows for a very quick simulation of various anatomies (robust, average 
or frail body-types). The dynamic model developed is aimed at computing the dynamic 
mechanical stresses of the lumbar spine produced by whole-body vibrations of a person in a 
seated position in order to evaluate the risk of adverse health effect which could occur for 
professional drivers by considering the effect of the posture, the damping rate, the body 
weight, the bone structure and the apparent density. This paramefric finite element model has 
been validated by using pubhshed results of forces calculated at the L3-L4 and the 
experimental dynamic stress estimated at the L5-S1. An Injury Risk Factor (IRF) of damage 
in vertebral body has been developed for any given vibratory amplitude coming from the 
seat. 
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From 648 computations, an ANOVA analysis revealed that the osseous density is definitely 
the most important factor affecting the risk of fracture. The effects of the interactions 
combining density and damping rate were found definitely higher than all the other 
combinations of variables on the injury risk factor. The risk of adverse health is more 
significant if the apparent density is lower than 0.2g/cm^ (about O.lg/cm'^ ) and if the damping 
rate is lower than 20%) (about 10%). These effects are related to the age of drivers and this 
study confirmed that older drivers present a more significant risk of fracture than the 
younger. If an Injury Risk Factor of about 40% is defined as the limit of endurance in order 
to avoid fatigue problems, the results show that drivers older than 45 years old are 
susceptible to long term adverse health effects. An excitation acceleration of 1.1 m/s applied 
T .  . . . 
to the seat and an apparent density of 0.2g/cm have been considered as a threshold limit m 
order to avoid any risk of fracture, whatever the age of the driver. 
In the future, the numerical model will permit the evaluation of the mechanical fatigue of the 
lumbar spine exposed to the continuous whole-body vibrafions and thus the prediction of the 
lifespan of the vertebrae exposed to low-frequency and low amplitudes dynamic loads during 
a very long duration. 
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